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STRENGTH OF SCREW PROPELLERS

(Biskup, B. A., Terletskiy, B. M., Nikitin, M. N., Popov, S. I.;
Prochnost' rmrebnykh vintov, Publishing House "Sudostroyeniye",
Leningrad, 1953, 100 pages; Hussian)

ABSTRACT /2%

The book is an attempt to systematize problems related to
substantiation and development of practical mcthods for general
strength calculation of ship propcllers. Two approaches are
presented for determining the strength characteristics of screw
propellers: the first is based on taking into consideration
static loads on the propeller blade only, while the second takes
into account varieble (cyclic) forces acting on the screw
propeller. The discussion of the calculation method based on
static loads (Chapter I) includes: determining the constant
component of hydrodynamic loads and centrifugal forces, design
calculations of the geometrical characteristics of the blade
and of its separate elements, determining the maximum stresses
in the propelier blade, and evaluating the strength charac-
teristics of the blade.

Substantiation is given for evaluation of the cyclic
strength ot & ship propeller. Design calculation diagrams are i
suggested for determining the external forces acting on screw
propeller under various conditions of ship operation. A metnod :
is discussed for determining the general safety factor by means !
of individual coefficients taking into account the conditions i
of manufacture and service of ship propellers (Chapter I1). f
Information is provided on erxperimental studies of screw :
propeller strength under laboratory as well as under opera- '
tional conditions (Chapter 1II). FProblems of selection and
actual strength calculations of propeller elements with
detachable blades are discussed in detail. Dats on propeller
design with optimum strength characteristics and dimensions
tested in actual service of such propellers are given
(Chapter IV). Information on materials used for manufacturing
ship propellers is included, particularly those characteristics
which are directly related to propeller strength, as well as
the requirements for such materials (Chapter V). 75 figures,
25 tables. Bibliography includes 45 titles.

*Numbers in the right margin indicate pagination in the
original text.
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Reviewers: M. A, Mavlyudov, G. G. Martirosov
Scientific Editor: F. M. Katsman
FROM THE AUTHORS /3

Problems of ship propeller strength attract in particular the
attention of shipbuilders and specialists concerned with water
transportation. Current trends toward increasing the capacity of
power plants and ship tonnage, introducing new materials for ship
propellers, and improving their manufacluring technology are only
a few areas which require, in one way or another, the analysis of
strength proolems.,

The present state of the art as well as current research in
this field are not sufficiently reflected in the technical litera-
ture. The published data on strength studies and existing methods
of strength calculations are of disconnected, individual character
which makes their practical utilization difficult. This fact
adetermined the purpose of this book. The authors have attempted
to provide practical guidance for performing strength calculations
of ship propellers and to acquaint engineering and technical
personnel concerned with propeller strength problems with the
main tasks which cmerge during the solution of these problems.
Considerable attention was devoted to the fatigue or cyclic
strength of propeller blades operating in nonuniform velocity
fields behind a moving ship.

Chapters I-III of the book (with the exception of Section 11)
were written by B. A. Biskup and B. M. Terletskiy jointly; Chapter
IV and Section 11 by M. N. Nikitin and Chapter V by S. I. Popov.

PREFACE /i

Screw propellers are the most commonly used ship propelling
devices., They possess high propulsive properties and are relatively
simple in design. These factors stimulated development of scientific
research for thc purpose of detailed study of the hydrodynamics of
propellers and improvement of their operational reliability.

The screw propeller belongs to that category of a ship's
rechanisms, the strength of which affecls not only the operational
qualities of the ship but also the safely of its navigation.

Usually the ship propeller operates under very severe
conditions:




external forces acting on the propeller blades arc, as a rule,
non-stationary timcwise;

the materizl of propeller blades 1s subjected to the action of
an aggressive medium (sea water) and as a result, the blades may be
subjected to electrochemical corrosion failure;

characteristic for modern ship propellers are operaticnal
regimes which, because of hydrodynamic loads, may be accompanied
by cavitgtion.

All this determines the character of propeller damages
encountered in practical operation of seagoing and river service
ships.,

Figure 1 illustrates the damage of carbon steel proneller
blades caused by electrochemical corrosion. The appearance of k
this type of damage devends entirely on the material of the blade
and its ability to resist the duamaging action of electrochemical
processes which take place in the water medium surrounding the
propeller,

Figure 2 shows typical erosion-type damages causcd by cavita-
tion, The intensity of their development depends not only on the
ability of the material to resist hydraulic impacts in cavitation,
but also on the correct design of the propeller.

Study of the problems of cavitation erosion of screw propellers,
which are also important in the task of increasing propeller
reliability are discussed in detail in special literature (6), (28).

1 it D o ArOS

Corrosion and erosion-type damages of propellers in a number
of cases contribute to bending off of blade edges which deteriorates /5
the hydrodynamic properties of the propeller and at a greater extent
of such damages results in breakdown of the blades,

Figure 3 illustrates damage of the propeller blade, i.e.,
vending of its leading edge, as a result of insufficient local
strength of the blade., This type of damage is characteristic for
wide-blade propellers with a disk-area ratio of 0.9-1.0. At
present there is no mcthod for propeller design which provides
for equal strength along its surface. The local strength of the
blade 1s provided as a rule by selecting the cdge thickness based
on operational expericnce with propellers designed earlier.

P S PUTIN
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Fig, 1. Electrochemical corrosion of propeller blades
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Fig. 2. Erosion of propeller blade
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Fig. 3. Bending of propeller blade caused by the
action of hydrodynamic forces

This compelled method is particularly unreliable if the parameters
which cha-acterize the performance of a new propeller being designed
must be ex.rapolated, e.g., when transmitted power has to be increased

or when the propeller being designed must operate under conditions of
higher non-uniformity of incident flow.
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Fig. 4. Fatigue failure of the propeller blade of a
high tonnage tanker
Propeller damages caused by insufficient general strength of /1

blades are particularly dangerous and may create a breakdown situa-
tion. Fracture (breaking off) of blades occurs as a rule in the
root area where the stresses in the cross-sectional areas are
highest (Fig. L). Since the consequences of such damages are very
serious, the problems of providing for sufficient strength of blades
deserve maximum attention of researchers and designers. At the same
time, it is possible to name purely technical and operational economy
factors which necessitate general strength calculations of propellers
being designed (15). From the technical point of view, the calcula-
tion of maximal permissible stresses for a given material under
specific conditions of operation makes it possible to assume the
minimum thicknesses of propeller blades and in this way to improve
the hydrodynamic efficiency of the propeller and at the same time

to decrease the probability of cavitation. The resulting decrease
of weight and moment of gyration decrease the load on the stern
bearing and often makes it possible to avoid operation within the
rpm zone that is dangerous in respect to torsionsal oscillations.
Exploitation-economical considerations concern increasing the
crulsing speed of the ship because of increase of propeller
efficiency and saving on the high cost of difficult to obtain
materials (bronze, brass, stainless steel).

The load acting on a ship propeller is created by hydrodynamic
and inertia (centrifugal) forces. )
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The hydrodynamic load acting on propeller blades usually is of
cyclic character and, more sccurately, it has a constant and variable
components, This cyelic character of the load 1s explained by the
fact that ship propsllers operate in a non-uniform velocity field
along the circumference of the propeller disk, which is caused by
the hydrodynamic effect of the ship's hull and projecting stern
: ) parts. Under such conditions, the angle of incidence of propeller

: blades changes periodically during propeller rotation and as a
result, the corresponding hydrodynamic forces also change.

'v'm"'"
B ¢ skhce o= . . |

.

-

: The load values at certain moments of time may differ

: considerably from the average values within a time span of one
revolution of the propeller. Calculations and experiments indicate
that the amplitude of the variable component of hydrodynamic load
may in some cases reach 50% of the average full load value.
Naturally, the average and instantaneous values of stresses in
the blade will be in the same ratio. As an example, Figure 5 /8
i11lustrates the dependence of normal stresses in the root section
of the propeller blade of a high tonnage tanker on the angle of
propeller rotation. The graph for this dependence was plotted
using data obtained by measuring the relative linear deformations
of the actual propeller under regular opcrational conditions.
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Fig, 5. Change of siresses at a certain point of the root
cross section of the propeller blade depending on
the angle of propeller shaft rotation

In a general case, the hydrodynamic load acting on tne blade may
be presented analytically by Fourier series in which tne angular
~coordinate of the blade in the disk of propeller ¢ is used as the

argument, i.e,, the thrust of the blade ;
r P,y ;_ P, cosmb 1 P sinm0); ;
! ‘ m | l : ’ (l)
Torsional momenti
M, ML .:_ (M, cosmiy | M, sinm0), (2)
ot 3.
] 6 .




where P,, M, - average values of the force and torsional

o
moment of the blade {constant carponcnts

of the load) within one revolutiion of the
propeller;

3 P s M - components of the load varying according
s b b o
mes mst e Mms to harmonic law stipulated by operation
of the propeller in a non-uniform velocity
field behind the ship's dl.

Historically evaluation of blade strength was carried out
assuming that external forces acling on tlie blade were of statical
character, i.e., in equations (1) and (2) only constant components
P, and 1, were taken into consideration. Practically all engineer-
ing calculation methods up to the present time (discussed in
Chapter 1) are based on this assumption. All these methods may be
combined into one group of cvaluating screw propellcr strength by
taking into account static loads acting on the blade., The fact
that the maximum values of the actual (full) load on the blade
may considerably exceed its average values is taken into considera-
tion by introducing a corresponding safety coefficient, This
coefficient is selected based on past expericnce with operation
of ship propellers.

Apparently a more accurate method of evaluating propeller
strength would be one in which the cyclic character of acting
forces would be taken into account in determining external forces,
This is particularly important for the high tonnage, mainly single-
shaft transport shift in which the propeller operates under condi-
tions of particular non-uniformity of the velocity field.

These circumstances caused the development of a method of
calculation (Chapter II) of the cyclic strength, the need for
which is demonstrated by the fatigue-type failure of propellers /9
often observed in practice (see Fig. L), which is caused by the
cyclic action of hydrodynamic forces.

Requirements which have to be met by ship propellers to provide
for their sufficient operational strength play an important role.
These concern factors related to the manufacturing technology and
repair of propellers, and to the mechanical properties of materials
of which propellers are made*, Among the most important are

#Mechanical propcrties of matcrials which have Lo meet necessary
requirements are determined with sufficient reliability and stability
by testing specimens under conditions approaching those in actual
operation of propellers.




perfection of casting technology, uniform cooling of castings, and
measures for stress relicving after elimination of blade casting
defects by means of welding.

All these factors affecting the strenpth of ship propellers are
taken into account during calculations by means of a safety coeffi-
cient, the selection of which is substsntiated in Section 9,

The complex character of the state of stress in propeller
blades (particularly of wide blades) and the difficulties in
analytical studies of streszes with consideration of propeller
geometry, stipulated at present the development of experimental
methicds of studying stresses and deformations of propeller blades.
Studies of the state of stress in blades are carried out either
using models of propellers or actual propellers. Special features
of such studies and some results obtained are discussed in
Chapter I1II,

In addition to solid cast propellers, propellers with varisble
pitch (VPP), water-jet propellers, and propellers with detachable
blades have found wide use. Although the principal approach to
their strength evaluation is the same, individual design features
of all these types of propellers require solution of some special
questions which concern first of all methods of determining forces
and calculating of stresses in paris used for fastening blades and
the mechanism of propeller drive (propellers with detachable blades
and VPP). At the same time, because propeliers with detachable
blades are used on ships for navigation through ice, the necessity
arises to evaluate external forces in the case of impact of
propeller blades against floating ice, For the VPP, these
problems are relatively fully discussed in special literature (2),
(29). For control evaluation of the rotor blades in the design of
water-Jet propellers, the methodology discussed in (23) is used.
Published data on propellers with detachable blades are incomplete
and are of disconnected character. This was the reason for includ-
ing in this book informstion characterizing special features of
design calculation methods for strength evaluation of propellers
with detachable blades, including those for operation in ice
(Chapter II, Section 11, and Chapter 1IV),




Chapter V contains information on materials used for screw
propellers, the rational sclection of which determines the
reliability of these propellers in operations Requircments
which have to be wet by such materials are very strict:
resistance against corrosive action of agpressive medium,
ability to resist hydraulic jmpacts in cavitation, and
necessity of high fatigue limit in the presence of corrosion
and cavitation erosion seats. Therefore, particular attention
has always been devoted to the improvement of materisls for
propellers. New materials which combine high mechanical
properties with other properties which meet specific requirements
for such propeller materials have found wide use. The composi~
tion and mechanical properties of these materials are also
included in this book.




: CHAYTER I, EVALUATION OF SCiidd PROPELLUR STHENGTH /11
] BY COLSILELING STATIC LOADS

Before starting calceculation of propeller strengih, the external
forces acting on the propeller should be determained,

Evaluation of the general strenglh of a screw propeller as a
rule is carricd ovt for norsul operating conditions without taking
into account emergency situstions (Louching the ground when ship
accidentally runs aground, iwpact against lsrge objects which come
under the rcvolving propeller; etc.).

In calculation of propceller strenglli by static loads, it is
assumed that under normal corditions of operation the external
load on the propcller is created by a constant component of
hydrocdynanic forces (see (1) and (2)) and by centrifugal forcces
of inertia of its blades.

R Sk aMhakos’s s MBS

Section 1. Hydrodynamic Forces Which Are Taken Into Account

in Strenpti Calculaticns off a Ship Propellicr

Based on Static Loaas

Hydrodynamic pressures are distributed in radial direction and
in the direction along the elements of the propeller blade. Hydro-
dynamic forces (which are the product of pressure intcgration along
the chord of the elecmentls) crecate in the cross sections of lhe blade
and on its surface a systen of pormal and tangential stiresses.

e I 00 b 8m

Distribution of pressures along the suction and forcing sides
of the element which is formed by the intersection of the blade with :
the cylinder coaxizl with the propeller, as was determined by 4
M. A. Mavlyudov in his experiments with models of propellers, is
illustrated in Figure 6. 1In this figure, the dimensionless pressure
coefficient is plotted on the ordinate axis:

Pl

;) e
g ‘\; 4 (2:m1\’)"]

PRREREVIS N

where p = P, excessive pressure at the point of the blade

element being considered;

Vp - velocity of lranslatlion movement of the
propeller;

R =~ radius of the propeller;
n - freoquency of propeller rotation;
p =~ density of the medium, /12

while on the absclssa is a chord of the blade element.
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Fig. 6. Distribution of pressure coefficient p along the
cylindrical cross section of the blade on the
relative radius ¥y = 0.8 with the various advance-
diameter ratio A p

Evidently, at a given magnitude of hydrodynamic force emerging
on the blade element, variation of the distribution of forces along
the chord influences only the magnitude of the hydrodynamic moment
in respect to a straight line, which is parallel to the blade axis.
This rmoment is balanced by a system of tangential stresses. It was
determined that the normal stresses which depend on the resultant
force of total pressure, are higher in their magnitude as compared

" to tangential stresses. Therefore, in strength calculations only

the distribution of hydrodynsmic pressures in radial direction is
taken into account.

11

/13




Projection of the resultant of pressures on the direction of
ship motion represcnts the averape value of the bleade force within
one rcvolution of the propeller, while the projection on the dirce-
tion of propeller rotation reprecents the tangential force which
creates a corresponding torsionzl moment,

Fig. 7. Diagram of velocities and hydrodynamic forces acting
on the clements of a propeller blade in a uniform
incident flow

To determine hydrodynamic forces in radial direction we analyze
the diagram of velocity and lLiydrodvnamic forces generated at the
element of a propeller blade with the relalive radius

r

T A e

R

(Fig. 7). It is assumed that the incident flow is stationary in
respect to time. The 0X axis coincides with the axis of propeller
rotation, and the plane passing through the 0Y axis is perpendicular
to the plane of the drawing and is the planc of rotation. 1In the
relative coordinate system connected with the blade, the parameters
of the external incident flow arc determined by the velocity of
element rotation Rr (L = 23xn - angular speed of propeller rota-
tion) and the specd of forward motion of the propeller V.. There-
fore, the direction of the resultant velocity of externag flow W
ahead of the propeller, forms with the rotation plane the angle of
advance, which may be cxpressed through a relative advance of the
propeller

Vi
nl

), - (b - propcller diameter)

/1k

e e ————————




and the relative radius T of the position of blade elements along its
length,
2

."f. (3)

At a consldersble distance behind the propeller, the velocity
of flow W will be different as compared with its initiel values W
because of the appearance of induccd velocity w = (C)a + CJt) i,

e

where N and ©, are axial and tangential components of induced

velocity, respectively.

It was theoretically determinea that in the plane of a propeller
disk, the induced velocity equals 50% of its complete value, Hence,
at the ares of the blade element under discussion, the velocity of
incident flow is detecrmined by a vector wi, vhich forms with the

rotation plane angle Pj.

At the element of the blade, a lifting force dA emerges which
is perpendicualr te the velocity vector Wi, and the force of profile
resistance dR directed along velocity vector Wj.

The thrust and tangential force (see Fig. 7) created by the
blade element may be found from the equations
N zl.'\cm[‘,-(!-~rl;f[‘:‘);}
ATy dAsin 0 e et B,

(k)

vhere & = %% - coefficient of the reverse quality of the blade
elements,

Assuming that the element is an ideal fluid when & = 0, we
obtain
) Lo Vdpl_;_” - -
4Py el dAcos B (5)

o aT .
Ty, Loy c‘“: i = dA sinfy

The 1lifting force of the element we determine by the Zhukovski
formula

dA Pl dr, (6)

where ¢ -~ density of the llquid;

T - circulation of velocity around the blade element.
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Let us assume that the elcments of the screw propeller at a
given condition of operation are selected in such a way that its
performance is characterized by minimal inductive losses. Let us
note that the asswaoption made is an initial condition for the
design of ship propellers with meximal cfficiency,

In a propeller with minimum inductive losses (screw propeller
of optimum design), the inductive efficiency of any element of the
blade is equal to tne inductive efficicncy of the entire propeller

(3), i.e.,

- ep
R
ST
or, according to Fig. 7,
0, = __,’_'F_E. .
Vo4 -2
P . 2
from this equation
“s .y (1) 7
. ‘G('h - (7)

But by examining triangles ABD and BCD it follows that
L S 1T (8)

2 2 1tep

Circulation arcund the element of the blade for an optimum
propeller may be determined by equation
I'-- Z'~ 2nrwk, “ (9)

where k - correction of Goldstein-Prandtl, which takes into considera-
tion the effect of the finite number of propeller blades on
the amount of total circulation at a given radius;

Z - number of propeller blades.

Substituting equations (6), (7), (8), (9) into (5) and by
conversion into dimensionless form of presenting the thrust

Lo dpy
dRh = oD

and tangential force o
({dK ), = ~Eh7;ﬁ_

created by the blade element, we obtain:

1
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(ﬁ""!) b A (g By (10)
dr Z
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D
F o tgB)-n d 05 BT
(w1 wp)

The vzlues of fvuction F vere calculated esrlier and are given
in Figure 8 depending on the tangent of the relative advance angle
p of the element (see (3)) and induced efficiency vj.
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In order to spproximately tske into account profile resistance,
it is cxpedient to prescnt cquations (10) in the form:

UK VLA 6

t;ﬁ"oﬂsj-JfA[OMtLM| (11)
4K, ;!“ﬁ(ﬂﬁq (12)
d; ) ‘ll' dr ’l'

where wlp - efficiency of proprller at a given operation regine.
From the secoud equation it is also pugsible to obtain:

(150 () (13)

. 5
dr J, 2y, L dr

dx
where ﬁ:a - coefficlient of torsional moment of the blade element.
dr
At a given value of the advance-to-diameter ratio 7Lp and
coefficient of propeller load according to the thrust
Op = ?}’l:_
nAs

equations (11) - (13) make it possible to calculate the distribution
of hydrodynamic forces along the radius of the propeller in a uniform
incident flow or, with some approximation, the distribution of the
constant component of the hydvodynamic forces acting on the propeller
in a non-uniform velocity field.

Table 1. Calculation of the Distribution of Hydrodvnemic Forces
Aong the hacius of a Fropeller

Calculation Formulae [~ 5 [ os o | o7 | os | oy

A
tgp- - 4 0,457 [ 0,373 (0.2 10.219 | 0.713 | 0.18¢ | 0.166

nr

Fatom. wm {sce Fig.8) | 0.1 | oo 0057 ] 0.0025 [ 0.0 | 000 | 0.0

- )
k- f (r, 7, ’;‘ }(589 Fig.lO) QG 10475 10,013 107 0,940 ] OG0T

" ot
oAk us TR 0.0227 | 0.0374 | a.omn { c.owra | o.oroe | o.aser | auses
F4 dr
aK
Lot WELL KO Yo mez | 0. | 0.osa | 0,00 | 0.0203 | 0uoms | 0,00
F4 d. w Z dr
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In csuch a case for finding induced efficiency, the Kramer's /18
diagram is used, vhich is well known (Fig. 9), and the corrcction
of Goldstcin-Prandtl is deterizined by graphs in Fig. 10,

An example of the calculation of hydrodynamic forces distribu-

tion along a propeller radius is given in Table 1. The following
initial data werc given:

Advance-to-diameter ratio A -ﬁ}. ... 0,468
H
- P
Coefficient of thrust Koo i o 0080
Number of blades in propeller Z... .4

3

/

\ at \\\ AR
:-' R .\\\\\ W

soooar g2

Fig. 9. Kramer's diagram for determining the induced
efficicney of a ship propeller
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Fig. 10, Goldstein-Prandtl correction for propellers with
nunbers of blades Z = 3, L, 5, 6
and also the following auxiliary values were determined:

a, - g0

{
" ommd

W f(l. A{' ﬂpx) 0,65 (see Fig.9)

Yoo g 36,
| PR

Calculation results are shown in the graph in Figure 11.
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Goldstein-Prandtl correction for propellers with

numbers of blades Z = 3, L, 5, 6

Fig. 10.
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and also the following auxiliary values were determined:

8K,

Dulial 2|2v

2
P

ﬂ,) 0,65 (see Fig.?)

0,987
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g

g

X

A

W- f(l. e

- 4,36,
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b

A

Calculation results are shown in the graph in Figure 11,
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Fig. 11. Distribution of hydrodynamic forces along the
radius of a propeller

Taking into considerstion that the strength calculations of
marine propcllers do not require high accuracy in determining
external loads, it is expedient to simplify the discussed method
of determining hydrodynamic forces acting on the blade,

Calculations demonstrated that within the discussed operational
regimes of propcllers and variations of their geometricesl clements,
there were no significant differenccs observed in the character of
distributicn of hydrodynamic forces along the radius, This makes it
possible, instead of pecrfoirming calculations for each individual
propeller, to establish some general equations which, without
essential error, approximate the law governing changes of hydro-
dynamic load,

In particular, in celculating the general strength of propeller
blades, the distribution of hydrodynamic force along the radius is
approximated by an analytical dependence of the following type:

v (-1, (1b)

where ¢ - constant coefficient;

m, n and p - parancters which are determined under condition
that equation (14) in the best way reflects
distribution of thrust along the propeller
radius,

Systematic calculations indicate that for propellers with
number of vlsdes Z = L and 5, for sca-going transport and industrial
:zhips the following valucs of parameters may be assumed:

me=2,n=1, p= % .
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Substituting these values in equation (1kL), we obtain an /21
analytical expression which characterizes the distribution of
hydrodynamic force along the radius of a propeller,

. 3
7"‘_‘1"11 (=17 (15)

Equation (15) is used in deriving formulae for cazlculation of
stresses in the cross sections of blades,

Section 2. Centrifugal Forces orf Inertia

In addition to hydrodynamic forces, the propeller blade is
subjected to the action of centrifugal forces of inertia.

On each element of the blade mass dm (Fig. 12) which is located
at a distance r from the axis of propeller rotation, the centrifugal
force acting in radial direction is:

dP = dmr. (16 )

Let us analyze a cross section of the blade A~A which is
perpendicular to the axis y and is located at a distance rj =y,
(rj<r) from the axis of propeller rotation.

For the center of gravity of the considered cross section
C(xc, zc), by projecting it on the coordinate axes x, y, z, we
obtain:

dp, -0, (17)
dP, = Qydm;
dPl, - Qzdm,
dM, = dP.(y— y) ~dP (2 ~2) = — Q° (2ye~-1y2) dm;
dM,=-dP (z--2)—dP, (x—x) =- — Q%2 (x—x ) dm;
dM, o dP (- x )= dP, (y—y) - — QY {(x—x) dm.

Generally speaking, relationships (17) hold for the body of any
form which is rotating about x axis. The special geometrical shape
of propeller blades makes it possible, withoul considerable loss of
calculation accuracy, to considerably simplify the calculation
formulae by separating principal factors from minor factors,
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A propeller blade is a cantilever wing of a finite span., The
resultant force of all centrifugal forces of inertia acting on the
blade is at a distance from the blade root, and the grestest part of
these forces acts in the planc which is elose to the planc of mini-
iwum rigidity. 7The maximum stresses in the blade ceross scctions are
normal stresses apvearing as the result of the action of tension
forces and bending moments, which makes it possible Lo limit
consideration of loads to those crusing only normal stresses, as
was the casc with hydredynamic forces. In cquation (17) such a
load is cenirifugal force dPy and bending woments diy end dM,. /22

After integration within the limits rj <r<g R, we obtain:

P, ydm
: i
18

M, = (au- - ) dm, (18)

Al

M, 0 y(x-—x)dm

M;

Fig. 12. Diagram for determining centrifugal forces in the
blades of a screw propeller
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It should be noted that the monents M, and M, for blades which
do not have rake in respect to the stern (7= G, sce Fig,l2) arc
very small. By analyzing cquations (18), we can sce that coordinates
¥{yc) are always positive, while coordinates z(ze) aud w(xe) are
positive only for thoe part of ihe blade between its loading edpe and
the Oy axis, Thevetore, the usmenis ¥y and ¥, for the whole blade /23
will be determined Ly the differcnce of similar values and will Lo
therefore smnll.

When the blade hug a rake in respect to the x sxis, the
coordinates x{x.) will not change their sign in integration of the
expression for M, which, ss a r1esult, leads to the relative increase
of this morent and to the nccessily of tuaking it into account dvring
evaluation of the effect of cenlrifugal forces,.

Hence, of the components of the load shown in equations (17)
which is caused by the action of centrifuvpal forces of inertiia, tle
most importznt are the force Py for bladcs without a rake, and the
force Py and bending moment Y, for blades with a rakc in the dircc-
tion of the X axis,

To determine the centrifugal force and the bending moment
caused by it, the approximate formulae are uced in calculation of
blade strength.

hssuming that the flal cross section of the blade A-A (see
Fig.12) is rightful to the unfolded onto the plane cylindrical cross
section, from the general equation (18) we obtain:

Pe::P - pain? _lf Frdr, (19)
e
where F - area of unfolded on the plane cylindrical cross section of
the blade; diagram for determinin; arca F is given in
section 3 below;

ry - radial coordinate of the cross seclion being considered.,

Equation (19) is used in cases when during calculation it is
necessary to find the distribution of centrifugal forces of inertia
along the radius of the propeller, When calculation is performed
for one cross section near the root of the bvlade (rifu 0.2), a
simplified formula may be recomucnded:

P.- .4"';”—:- Gr o, (20)
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where G « weirht of the propeller blade;

Yoo = radicl coordinnte of the eonter of gravity of the blade.
Iv is nuswwed that ro =07 K.

Tne weight of 1he blude may be determined by ihe formula wirich

casues from the vell-known cupirical foievvla of V. V. Kopeyotskiy
for thc weight of the complete propeller {15):

M ezt 2w (o) . J. (21)

4100 I2) I Ll‘)

wherc Y - specific grevity of the propeller material, kg/mB;
d - diamcter of the hub, m;
D - diameter of propceller, m;

b - widllh of the strzishtened blade contour at the relative
radius T = 0.6, m;

e - m~ximal thickness of the blade at the same radius, m,

More accuratz methods of determining the weight of the blede
and tl.c coordinztes of its cenler of gravity arc discussed in
Section 3 below.

The beonding moment resulting from the action of centirifural
forces is found with the help of the epproximate formmla which is
deduced from equation (18):

Spntnt g JR Fr{r—r)dr. (22)

if

M, oA, L
2

VWhen calculation is carried out for the cross section in the
area of the blade root, the moment Me may be found by the following
equation:

M, x 0Pty (23)

EOURP LT NPTV = WIS T SR
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Section 3. Geomctricnl Charactoeristics of the Cross-Scctional
Elements o a Prepalicr blade

In strength calculations of a ship propeller, the following
georetrical characteristics of its cross secticit are used: ares,
coorcdinates ol the cenier of gravity, and momenly of inertis; in
addition, for the part of the blade located behind the cross
section beiny censidered, the volume end coordinates of its
center of gravity are used.

The basis for the profile of ihe straightened cylindrical
cross section of the blade is the prorile’s chord (Fig. 13).

Fig., 13. Geometricsl characteristics of a blade cross section

In relation to the chord, the median of the profile is tnlotied with
the ordinates eg. The curvature of this line is determined as a
result of hydrodynamic calculation of the propeller, In most cases
the meximum ordinate (eg pay) is located in the middle of the chord
b. At both sides of the median the halves of the ordinate valves
of the standard aerodynardc or segmental profile % are plotted. By

superposing the origin of auxiliary coordinate system O, Ewﬁl,

with the leading cdge of tlie chord end by introducing dimensionless /25
values:
e—-—;
- ) m.:\( .
ov- —";n:x o
El = 'i' ’

where e - current value of the profile thickness;
€ hax © maximum thickness;
b - length of the profile chord,

we obtain the following formulae for calculating the arca and
coordinates of the center of gravity of the cross section:
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e

< e [GE; (24)
e (25)

‘-qwjqu; (26)

Calculation of the geomctrical choracteristics of the blade
cross scction using equations (2h) - (26) is performed by the
methods of approximate numerical integration, i.e., by methods
of triangles, trapezoids, and parabolas (Simpson's). For this
purpose, the cross section is divided inio separate small areas
by ordinates drawn at equal distance. It is expediert to
calculate the noments of inertia of the cross section @s a sum
of moments of inertia of small areas, For example, the moment

of inertia aboul axis Oy £ is:

k
Iy X

i

b
Iii ‘{' _\_: ﬂ:'/Fj.
it

vhere Ié'j - moment of inertia of the small area about its own
centrel axis which is parallel to 04 ¢, axis;

Mey = ordinate of the center of gravity of this area;

F: - area of this amall area;

k - nuniber of small areas.

To simplify calculations, it is advisable to replace these
small areas by rectangles as shown in Fig. 13.

In this case:

ny '

2 . Al
IE‘ ,t""l‘(‘ 1)}4 12

m

L

where n - number of sections into which the chord is divided for

i

[+ et Gl | (27)

calculation of area ond coordinates of the center of
gravity by equations (2L) - (26).

Equation (27) holds if n is an even number,

to have n = 20,

25

1t is recommended
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The moment of inertia of the cross section in respect to Oyw
axjs is found in & similar way,., The formula used for calculation
is:

LA A . ;.‘ . !l "
By = 2 }a v 1]y (28)

If coordin:tes of the center of gravity and roments of inertia
of cross sections in respcct to 09¢,4 and Oyny arc known, the moments
of inertia in respect to central axes G and Oy, which arc parallel
to U1 &4 and 01wy, can be determined:

Iy - HF, (29)
R R

The principzl central roments of inertia in a general case are
determined by formulae:

L pcosuwed Iysina - 1, sin 2,

Ly - hsiof a4y cose - 1y sin 2,

where Iiﬁl' centrifugal wmonment of inertia;

&« - angle between main axes and axes E,andw\which is found
by ecquation:
{yr 20 - --?/f“‘w .
§ N ’E
Because the cross sections of a propeller blade have considerable

elongation and relatively low curvature, which as a rule does not
exceed 2 - 3%, lhe direction of the main central axis Of , may Le
considered to bc parallel to the chord of the cross section, Then
anglc «< = O, and the moments 1¢ and 1w may be assumed as the
principal central moments of inertia., At the same time, centri-
fugal moment Ign= O.

The procedure of calculeting the area and coordinates of the
center of gravity of the unf{olded onto the plane cylindrical cross
section of the blade by the method of trapezoids is illustrated in
Table 2.

In a number of cases lhc geomelrical characteristics of blade
cross sections are found by approximate but considerably simpler
formulae, For example, cross sectional area may be calculated by
formula:

Fi=aye,b. (30)
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Coefficient ap equals 0.70 - 0.72 for the crous section of the
aviation profile and 0.71 - 0,73 for lhe scgmentel profile,

Table 2. Calcuvletion of the Geawetrical Charscteristics of Unfolded /27
Onle tne Plane Cvilindrical Crosg Section ol o Bisdo

(b=...(m) e = e e e (m)y, n -~ cven numver)

- e
¢
‘m
. .
7 =
m
te(rp. 1 X 7p.2)
H

ey
2 i !

3 ozr_ Yoty ‘
o

Notet F-- s, §. . b,
n

Table 3 provides values for the coefficient of blade fullness /28
a, and relative coordinates of the center of gravily of the propeller
blade cross sections for propellers of the W series (Wageningen
experimental basin, Netherleuds).
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4 Table 3,

i

o

Table li.

Cocvffiients of P'lﬂj_!_‘._gs,s and _}_(ﬁflnt,i\'e Coordinates of

3291

Cenvey o Gravity o) dlade Croos secliong off W=Scries

I‘I‘OE)L;.I.A,I s

; “r ' £ b oo Me
ot ) ' .
m

0.2 0,000 0.417 0,478
0.4 0.7 0,43 0,410
(] 0. 0,455 0,424
0,5 0,72 0,474 0,114
0. 0,715 0,405 0,407
0,7 U710 0,451 0,404
0.8 0. 1 0,449 0,403
0,49 0.7 0,500 0,400

# Dist:unce betwesn trujentis) and forcing surface of the Llade

Calcuvlriion of Coocrdiuates of tlic Center of Gravity

of broveiler place Crops lectlons (Lan G R, :7

—
e
- (3]
l T
l_“). [
" .- R i
iaf' 1 laliel <12
Sty @rels)l ool
i = - ” . <
< o . = z
PO I B Hlo (2ot e 12123
; YIS I & L
LE - - . e 0F ': clerelelenis SlhEl W
! ' IR AR IR N N N T T T T
0.2
0.4
.4
(),.")‘
0.6 .
07
a8
0.9
i
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Table 5. Calculation of Volur of the Plade cnid Coordinates of /29

the Centoer ol Gravity (Iropelior gadius o= . o o (1))

; F o Yo F LA LY L
’ (frem | (from (from = rigati ™ AL
Tetle 2) | Tadble LY |7ebYe b) GF 3198 | (rplsip5) | Gpdxrp. 5y
T ‘f'"‘?’"m"“'G“"ﬂ P s o R T S
| | | | |
0,9 ‘ l I I I
0.8 | , I l I
' —— —
i '
X —
Yoty !
5 —-
e Yoty .
z 2 _“—9“;_"‘ - . LV Z; z, Z,
! ey Vo7l pie L=71 pes 1—7
Notes Voo RXyy xpem DIl RIS, gy TR, 2= RiT,
n
The volume of ihe blade or of its separate part which is /30

separated by the cross section being considercd is calculated by
the foriula:

4 §
Vo [ Bdr R age e, (31)
n ;l
where'Em = Sﬂ - relative maxirum thickncss of the cross section;
R
b= % - relative length of the chord of the cross section.

The coordinates of the center of gravity of the volume V are
determincd by coordinates of centers of gravity of cross sections
which should be coniidered in the system Ony connected with the

propeller (see Fig.1?).

For the crosc scction at a distznce r:

Voot by b3 sinee B cosy; (Bé)

’ “1, b;'")n,\ v hil!o sinv,
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where v= pitch sngle of the cross section being considercd;

by~ distunce from the leading cdge of the profile cross section
from the generairix of the bLlede.

Tne sequence of the calcuvlalion of coordinales of the center of
gravity of crose sections in the Oyyz system i1s determined by Table .

The coordinates of the center of gravity of volume V ave found
by formulae:

i 1
i . R R,
' . Y lxdr : Vage hxdr, (33)
'l ll.
114 1
[ I .
1y, A P K Vape
Vo Vo
i

brdr,

m

IN 1

. R i

VY ledr Vape,brzdr.
(I (- -

.
¢ M

It is convenient to calculate the blade volume or the volume of
the part of the blade located on the radius r> ry and the coordinates
of the coenter of gravity by the method of trapezoids in the form of
Teble 5.

Section L. Calculatjqq of Strecses in Crose Seclions
of a rropeiier Bleooc

A propeller blade of usual desipgn may be presented as a helicoidsl
shell of varizble thickness rigidly fixed slong the inner part of its
contour and frec along the rest of contour. Calculation of the state
of stress of such & shell is & very complex problcm, even if initial
assvinptions for its solution are based on the usual technical shell
theory using the hypothesis of stroight normals aud the condition
that there are no normal stresses acting on small arcas which are
parallel to the median plane of the shell, Such a method of cstablish-
ing the state of siress in ihe bLlade which i of interest first of all
becsvse of theoretical considerations, leads .o the necessity of
solving a complex system of partial differentsal equations with
varizble coefficicnts. Kven approximate numericual solutions require
the usc of high-speed computers,

liowever, in practical design of screw propellers less accurate
metliods are used wiich are not so stricl but are considerably less
time consuming @nd are based on several additional assumptions,
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The most widely used of these methods are those based on the
theory of prisusztic rods. Althouph these methiods do not claim to
be of high asccuracy, they provide sufficiently satisfactery data
to inform the desipner in his evaluation of the state of stress
in the propeller,

These melnods are based on the following assumptions:

ihe blade is considered to be a cantilever rod with variable
area of cross svction which is ripidly fixed at one end and is
subjected te obligque bending under the action of externsl forces
not located in onc of the mzin planes of the blade;

calculation is perfosred for cylindrical cross sections#

#1ne only exclusion is a methoa of "Rezing" wvhich was discussed
in Section 5. According to thic method, stresses are determined not
in cylindrical buv in flat cross sections.

unfolded onto the planes, which are perpendicular to the generatrix
of the propeller blade;

one of the main axes of inertia of the cylindrical cross section
of the blade sclected al random is considired to be parzliel to its
chord limited to a relatively thin cross section; at the sawc time,
the other main central axis is perpendicular to the chord of the
cross section.

Taking into account all these assumptions, the maximum stiresses
emerging in the blade under the action of external forces may be
determnined.

The bending moment resulting from the action of the axial (in
the direction of the propeller motion) component of hydrodynsmic
load in any random cross section of the blade at & distance Tp
from the axis of propeller rotation is:

R

M- " d:' (r-—rp)dr, (3’-1 )
™
where dFy - thrust of the blude element which may be presented as /32
‘“’12‘—}'4!1(,('/1"1)‘. (35)
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R

and substituting formula (3%5) into 3

By svbatituting verisble r
(3h), we obiain:

t
e g s T T :
RYPR \”ﬁnv-rﬁdn (36)
2 ur
l"
It is cxpedient Lo represent berding momont My as o function of ]
the propeller thrust. It Ky is a coefficient of tBe propeller thrust
et & regime being considered, then, using {the covident relstion:
]
. ARy, - p
Koo § ", 1
7 '
vhere ry - a rclative radius of the propellor's hub, we find:
i 1
\,’.{“}-’d;-—-;v \"!:’\"1' dr (37)
. dr ¥ B dr
M, L T S
7 '
Vﬂﬁ_—
V& dr
To 9
]
After substituting inte this formula relation (15) and
celculating integrals, which are taken in quedratures, we obtain:
]
\ Kypa*ls - -
M, _12; CGp(ra, 1), (38)

The greph of funcilion Gp(fOTp) is presented in Figure 1k,

Forrula (38) makes it possible to calculate the bending moment
under the action of axisl hydrodéynainic forces in any cross section
of the blade (ros1~)$1) for propellers with a relative radjus of
the hub 0.2 41 \<O.L.

Since the maximum stresses appear in the root arcas of the
blzde, usuzlly cross scetions of lhese areas are considered for
strength caleuwlations of propellere As a rulce, the relative
radius of the hub of solid propcllers is Ty = 0,17 = 0.168;
tsking into wccount that the trausition from the blade into the
hub has a fillet radius, it is possible to assume, without
introducing a significant error, ithut the cross section which
is at the radius of 0.2 should be considered for celculation
(dangerous cross section), In addition, teking into considera-
tion thet the root area of the bleade little influcnces the thrust,
let us sssune that ?p s YO = 0.2, In such casc, formula (37) will

be transformed into the following: . /33




(39)
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Fig. 1. Graph for functions Gp and Go

By using formula (15) we obtain a formula for calculating the
bernding moment created by the action of axial hydrodynamic forces
in the dangerous cross sectilon of the blade.

A:,-u% 0.238K pn*D? (L0)

or
M= 0475P,P, (k1)
vhere P1 - thrust of each blade of the propeller;
R - razdius of the propeller.,

The bending moment creatcd under the action of tangential hydro-
dynamic forccs may be calculuted in a similar way.

It is evident that /3L

24

M, \ "u,} (r—-r,)dr, (b2 )
p
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A
viere d/ ;,uwp”7u - taugential force of the blade clement,
» E
Then
. 1
putny Al Lo k
| R g (13)
. v i

It is expedient to present bending moment Fq resuliing from
the action of tangential hydrodynamic forces as ¢ functioa of
(X3 o,
propeller torque.

If Ko is thec coefficient of torque at the regime under considera-
tion, then ucing the evident relationship
1
K. \9oar,
o dr
Ty

and also the erpression well known from the hydrodynamics of ship

propellers K. b
: 2n
R
and formula (12) we obtain:
b ! (L)
\-‘“"d;-.;, | Lk
. dr Jor
M, Rer o S
7 1
[ 4K,
‘ dr dr

After substituting formula (15) into this snd after calculation
of integrals

Kapnth - -
Al - Jz” Grirg, 7). (L5)

The graph for function Gy (¥, Fp) is shown in Figure 1k,

Formula (L45) serves for finding the bending moment created by
the acticn of tangential hydrodynamic forces at any cross secction
of the blade.

If a cross section located directly at the blede root is being /35
considecred in calcvlations (r_ = r = 0.2), then formula (LL) may
be reduced to the form: P °

3




e p

. :-v;_v‘»qp.ﬂ“'m

} (L6)
| ”‘Y VR
E M, - Rawtls I .._"'L,_ dr
T Z y T
ARy 4
Ve
0.2
Teking into consideration dependence (15), we obiain:
My 06T prt® (L7)
. or
1
R L (L8)

vherc M - torsional moment of the propeller,

Using formulae (L7) and (LB), the bending moment created by the
action of tungential hydrodynemic forces is calculaied in the critical
cross section of the blade.

Components of the hydrodynamic bending moment acting in the ACBD
cross section of the blade are shown in Figure 15.

Fig. 15. Components of the hydrodynamic bendiny woment
acting in the ACBD cross section of a blade

35 ‘

:




In & general cese, the point 0' to which the hydrodynsmic mouent !
is applied does not coincide with the center of gravily of the crogs f
section (poinl 0"). Stricily spoaking, the system of stresses
emerging in the cross scction Ledng considered under the action of
hydrodynmiic forces should balence not only the berding woment, bmt
elso the torsional nowent in rcspect to the center of grevity ond
shearing force, which leads to the appesrance of Ltanpceiiial stresses
in thie cross section of the Llade. As was demonstrsicd by calevlo-
tions, thece stresses are considerably lower ihan norvesl stresscu
emerging under the acltion of the Lending woment., Thercfore, the
effect of the torsional moment and shearing force may Le disreparded, 1
and it can be assumed that the bydrcedynamic bending momcat is applied
to the center of gravity of the cross section. i

In accordance with the zbove assumptions, let us unfold the
cylindrical cross section of the blade on a plane passing throuph
the poini O' pependicularly to the blade axis Oy, and iun agreement /36
with the discussion in Section 3 we will assuise that one of the
main central axes of inertia £,-% (axis of minimum rigidity) is
parallel 1o the chord of the cross seclion, while the other v «n
(axis of maximwn rigidity) is perpendicular to the chiord (Fig.16).

4
By projecting morients Y‘p and Mp on the ares § -% and n-n,
we obtain:

My Mycoava Mysiny, “ ()-J9)
A, Musiny —Mypcosy, !

If blades are inclined toward the stern, it is necessary to take
into conszideration an additional bending moment under the action of
centrifugal forces (sce (22) and (23)).

Fig. 16. Main central axes of a blade cross section
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Therefore, the tolasl bLending moment in respect to ithe €,~E,
axis leking dinto sccoont hydrodynamdie anl conlrituend forces

A’: (”,[ My eonv (50)

A siny,
end in respect to the ne=n exis

AL (Mg A siny (

Al cosv.

1
=t
~

In addition to boraing mowmls, the external loxd on the hl=do
includes tension Uovnoes encrging wiler the ncetion of centrifupe?
el

force. Thn
(20).

i
centrifursl force is caleulnicd by formmlec (19) and

Knowing the &ren, moment of dnerida, or scction rodvlus of the
blade's cross secticn and veing Fovalae (92) acd (53):

Ay My 52
a0 I, W) ee
A M
Gyl ) -y T (53)
1, L

where 1¢, Iy - moments of inertia of ihe bLlade crose section in
° respact to o in centrel aves & <% ond - My

£

ictone ~om the rol axi he motest
max’.nmax dl:t‘1005 from tlo.neut 21 axis to 1he remotlest
points of the section;
qifqmax)’ w*ﬁamax) - sectiop quu%i‘of thv'blade crosy cection

i for points vith coordinctes o

. max g-max’
resyectively, l .

-~y

it is possible to deleroane stronees in paints rost renote from the /31
neviral exis, which aye caused by bendinge and also Lenglle stresces
caused by the action o centrifugel force:

o e (Sh )

The points most remoie from the neuiral axis of the cross
section under concideration are:
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point 4, at wiich tensile stresses cevied by moment Feare
combined vitn slndlar siresses couscd by moment M W and by
centriiuyal force:

of. . ! u [
-1 opp) o (Ey) s (55)
point b, at which cospression slrecses caused by mowent M, are
subtracted Irom tersile stresses caused by moment Mg and by centri-
- 2
fugal force

LV I P TTPR R A A A E (56)

point C, which is subjected reinly to ihe action of compression
stressos craced by moment Me and lensile stiresses emerging as a
result of the sction of cenrifupal forcce:

o) - o 0 ta) (57)

point D at which act tencile stresses csused by rioment Mé;
and by centrifugzal force:

o(D): o:(np) | o, (58)

Yoments of inertic and secticr moduli in cquations (52) & (93)
erc determined by methods discussod in Secticn 3. More approximate
methods for finding these values woy also be vecowmended, For
example, for section moduli in respect to & axis:

u”i ( i 1‘1!1;\\) = a'll’e;.,": (59)

in respect to n axis:

Wl £ - age, b2 (60)
The values of o, end « ¢ coeflicients for aviation and segmental
profiles with a flat forcing side are given in Table 6 (3).

Calcvlaticns indicate that muximum stresses in the blade cross
section are the compressive normal siresses at point €. The maximum
tensile stresses as a rule emerge in point D. Usually sirength
calculatiors of the proneller blede are limited therefore to
determining stresses al these points, and thercfore the data on
scotion moduli in respect to the & exis are nceded first of all,
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The scaueince of calculatlion of manimum stresses in cross sections

of the vlade bLiooed op static losds is given in Table 7. Az Lhe initlal
dats the follawing values oo used:

Fropeller Giwnctery M v o o« o o 4 o o ¢ ¢ s = s D
Rumber of Plodes o « oo o o ¢ o o 6 o o 0o 0 0 o 2
Relative radivs of 1he hub o « ¢« o o o o o o o T
TDM o o o o o ¢« o o ¢ » o 6 06 6 ¢ a ¢« a o s o o N
cocfficiont of thrust ¢« o ¢« o o ¢ o ¢ o o o ¢ o K1
coefficicnt of the Momenl o o ¢ o o o o ¢ o o K2

In addition, Llhe following auxilisry values have to be calculated:

LSTRILT A Kt
v 7 ’

This method may be uscd for calculaztion of stresses in various
crosc sections along the rsdivg, including the most critical cor
section at the root of the blade. At the same time, it is pos blble
to select the blade thickuess in such o way that distribution of
desipgn stresses in the cross seclion vould be relatively uniforn.

The mazirom stresses obtained as o result of calculalions should
not exceed the navimum peridesible stresses,  Sclection of permissible
stresccs For materiels from vhich propellers are manufactured is
digcrussed in detzll in Chapler 11.  Ihe discussion here is limited
to the recomnended values of prrmissible stresses tested by experience
in opueration of various ships and sclected in eveluating propeller
strength, considering static Joads acting on propellers. In Yable 8,
taken from (15), valucs of permissible stresses are shown, depending
on ithe materisl rnd “Lhe number of propellers on a ship, which
influcnces the depree of non-uniformity of the velocity field on the
propeller disk and indirectly influences cyclic loads on the blades,
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It can be gloo asurrad thal the strenpgth of a propelier, based
on static loais. is sulficiont 1L the safety foacior wilh regerd to
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Section 5, Inforination on Other Meihods Used for Evaluaticn
i Serew Propedler Stron

With the incrcase in information on the strength of propcllers
and the developmert of hydrodynimic calcnlations based on the vortical
theory published Ly several authors, practical methodc of evaluzling

. general strength of propellers have been svgpested. The best known
of thei wre the nethods of Taylor (Lh), Pomsom (L1), Rosingn (L2),
and Keyser and Airnoldus (38).

Special featurea of these methods end some formmlae used in
practical propeller strenglh calculations by the above methods are
discvssed below.

Taylor's Methed, The first analyticul method of stress calcula-
tion in propelicr bledes was svgrested in 1920 It was based on
generz) enpglneering essumptions in strengilh calculation of propcllers
(see Scction 4). In order to simplify caleculstion formulae, addi-
tiona} essumptions are made with respect to the distribution of
hydrodyniaic forces along the radius of & propeller., In particular,
it is arssumed that Lhe axisl components of hydrodynanle forces
increase lincerly with increasing roadius, while the ilangential
stresses are not changed, i.c.y

:”"u pri (()1)
ATy

{
it 4

Such a schemntic preseniation of hydrodynamic forces, strictly
speaking, is correct only for marinc propellers with con tant circula- /Ll
tion. With such assumptionu, bending moments caused by the action of
axiel and tangentisl hydrodynamic forces can be found without auy
difficulties:
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Calculation of centrifugul forces as well &n determinetlion of
bending moments in respect to the main central ues of inertin of
the blade croes section and of maximun stresses in the criticsl
cross seetion do not diffcr from thosc discussed 3in Section .
1t is considerad thuat the sirength is sefficient if M oy,

Crean

where n - safety factor of ststic strength. For various ship types
ang service conditions, 8§ &0 <12,

The necessily oi lineer spproximation of the distribution of
hydrodynamic forces was probshly caused by the absence at that time
of simple theovetical methods for theldr determination. However,
Taylor succeeded in taking into account the main poriion of the
action of hydrodynanic forces on the blude. Indeed; & comparison
of caliculated valucs of hydrodynamic moments in the cross section
at a rudius T, = C.2 obtained by Taylor's method and by the vortical
theory presenged in the form of .4 pop. My koM,

indicates that coefficients k, end kp are equal, respectively.

p
k, ke
According to Taylor 0.h69  0.63
According to the vortical theory 0.L75  0.67

For comparison of calculated values of bending moments for the
section modulus ve oblain:
!
B 2o oay T Mg, LI
A'I",, ('“I' } 1‘17‘) ‘7 ](*Ap’*kl’ :'/N l

23—

For exarple, for the propeller of a high tomage tanker, according
to hydrodynamic calculations, it can be assumed that w_ = 0.525 and
ﬂp = 0.5. Then the valucs of bending moment M will be?

According to Taylor 1.68 % /L2
According to the vortical theory 1.70 M
YA
L2
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In this case, both methods produced practically the samc results,

Relelively sinple methods for deternining hydrodynamic forces
according to the voriical tlhicory exclude the necessity of using
lincar sgpproximation. At Lho same tine, the caleulstion forme)s
(Lo}, (hi1), (L7), (LE) are not much more complex then the Tayloi's
formulac. However, since Taylor's method provides rosulds siudlar
to thore obtainea by the vortical theory; it is traditionally uced
for desizn of ship propellers. It is also significant that the
assunptions initially suggestcd by Taylor are used even at present
(see Scetion L),

Rouwsom's Method.,  This method is a further development of
Taylor's nmethod, mainly in the direction of defining rore preciccly
the hydrodynarnic forces acting: on a blade. The dists-ibution of
hydrodynamic lozd clong the radius is determined according to tne
vortical theory.

In addition, in order to obtain a blade design cpproaching that
of equal strength in bending, Homsem recomniends sclecting sceparate
elements of the blade atlempling to have equal desipn stresses in
cross scctions at relative radii T which are equal C.2 and 0.6.

In developing this method, atlention was paid to the fact that
the moment of inerlia of bladc cross scctions in respect to the v
axis almost by the vhole order exceeds the moment of inertia in
respect to the & usxis as a result of the rclatively small thick- .
ness of these cross sections., Therefore, Romsom found it !
permissible to disrepard stresses in the cross section being .
considered which arc caused by bending moment My . The advantage !
of this simplification is supvorted by experimential date showing

that stiresses emerging near cdges of the blade are negligible in i
magnitude and alicost by one order lower ihan stresses in the areas ;
where the blade is thick. i

Bascd on the above assumptions and as a result cf more precise
definitions in calculation of the section moduli of the blade profile,
Romsom cbiained the following dcependences for calculeticon of maximan
normal strceses in cross sectiona under consideration at the rela-
tive redii T, which sre equal C.2 and 0,6

N 6
. fln,,’ll (C:“I‘ .-l.)' ( 3)
Poan 2 &
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where Hp - pouer transiniticd to the proneller, Ly,
n.o- rrep.ller rpi;
b « lery bl of the ctraightendd cross scclion, m; /L3
¢ = pravaraes thicknons of the LIazde in crvors section, g

wy - induced relstive advanco-te-diamcter rotio;
R e o 3

U=abier « gertion modulve, cm’y
I

C1 6230 02— cocfiicients dopeonding or Lhie piteh roatio with v ;iven

cress soction of Lthe blade belng considered in the
caulevlations.
CGraphs for detvermining coefTicients Gy and (
;

d (- are given in
Figore 17, 1In the some fisure 1s incluced a pgra

:raydi for the
. 1 . R ; s .
function X = S which i introduced into tie calculation
cos &

foriula in caces when propoiler blades ere inclined at enple €,

After a sorics of exvoriaents in measuring stresses in
cylindricsl crecs sections of Liades at a relative radid T which ave
equrl C.2 and C,0, Homnom cane to the conclusion that celculition
resulis will dn tne best vey corruspunn Lo the messurement data if,
in formmlae for calculating the section moduli of straiphtencd
cyliudrical cross secticns of the blade, coeflicients o in the

formula W = d;boi are used accofding to the follouing data:
for T = 0.2 forT = 0.6
In tensicn 0.0%6 0.100

In compreszion 0.086 0.080

Ll




Inclination of propaller blades, deg,

Fige 17. Grephs for determining

cocfiiciencr C1, 02 and X

Inclination of propeller blades, deg.

2VE

|.j.’

52 1% KfD

Fig. 18, Grephs for determining
cocfficients CA’ CB’ and X

When the diapram developed at the Vageninpen experimental basin
is used for the design of ship propellers, formula (63) is uscd in

slighitly medificd form:

A .
NG ((.‘,.I 101,5 ;"’.).\.

2,
""l‘!lllnlll * ‘;’

Oy




C.,s #nd X are cocl{i-ients similer o cocificient . LI end
g

where €

At
C2, which are founa from corves in Mpgure 18,

Crlculation of slreases cevsod by the centrifueal force of
ineriin is perfoiacd by the coploximeteo method $n vhiclh bending
stresscs due to hicle dnclindlion ere dgewermined al redid T o= 0,2
end T« 0.0, respesiively by the formulec:

o ”““”('”ﬂ L 0,58 (65

I 45y Il

u (n-,v,llb'( /1»!)7_ U,.‘ﬂ.";,, (éf))

DR
1t iy

In these forwulae, sign "+" is used for tensilc uiresses and

sign "-" for counrcssive slresacc. Signs in parenthocos indicatic
that the values cof ceefficicris <A depend on the chevacler of
stresses,  Yhis shonla be taken into consideration in determining

these cocifficients using duta given above,

In order to siwplify culcuwlutions, coeificlents A end C, which
are some functions of the pileh ratio E/D, angle of Llade inclinse
tion, and ihe reletive thickness of its cross sections, sre given
in grepidcal form in Figures 19 and 20,

CGeneral stresces coused by the action of hydrodynamic and
centrifupal forces arc found by e simple sumation:

G, 0.0 0,0 0, Ogp-|-04., (()7)

where 6% and 6& are maximum tencile and compressive siresses in

the cross section being considered.

According to Romsom, propeller strength is considered to be
sufficient 4if:

e or _."M._ .n -8 (68)

a L
A a0

’ Ope ot 0y

Romsom's method poine wider snd wider use in praclicel desipgn
of ship propellers. The results obtained by this method ere similer
to those obtained by the meithod discussed in Section )y, which is
apparent. since both methods are based on gliost the same initial
data.
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Rogireh!s Hotro 2, Paged on experdence in operaticn of ship
Propeli i s which .. onstrated 1hal brecking off of blaces duc Lo
insufficient strongih often cecurs alons nearly flat crosy seclions
(Fige k), Posingn Coveloped o vwethod For o leulating the static
stroeneth of propelicre, the wain differo.ce of whicn ze compared
with 04 ¢ msthods 3 the inlroduction ¢ necmetricd] churecs

teris oreas, nrn-nbs of irrin) of not eylineries) but fiat
croes 'icviCJS of s Plade.  Loningh coonidered than his methog
sould beonmoct cff:“tkru in stronpgth calevistions of propoellers

with viﬂw olale o cnoblacen the éifference belveern

the prof cyliissieal crows gections is

particul:

in erder to pre=ont a piciure of stress distrilution along: the

omplets blade, it is necessorvy Lo perform celeulations for severnl
groups of crcegs covllons loceicd al differcit distances from the
propeller ¢xise. ruclhi group counsiats of scveral cross sections
undzr viriouss angles to lhe bloae axis projected on the transverse
plane vhich is perpondicular to the p opLJlor axis. Since in such
& casc thu velwue of caleulations ie too cxtensive, the csleulntion
is cerricd cub only for scveral cross scoliong dircetly behind the
fillet ut thie blade root.

1-

n [’ 5
3 . !
WX hganon i cii Sunma, sped

Fig. 19, Crephs for determining coefficients A and C
for the cross section at radive T = 0,2

# Pitch at 0,2 R

#+Inclinstion of propeller Liludes, deg,
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Fig. 20, Grovhe for detersiuing coeftaicienls A cvd C
£or the cross section at rediva ¥ = 0.0

% Fitch at 0.6 I

sInclination of propeller bludes, deg.

At firet the point is determined ot which a resvliant of hydro-
dynamic forccs (threet and tospentizd foree) is applicd, In such a
casey 34 the propeller is ceuniprod accord: in e voriiesl tbeory,
the distribution of the thrust eud tsngenci=i force on the blade is
knowmt, In this case, with the given veluves of the thrust and /6

rlor Lhe pulpo.c of calevlivion, the oisiribution of the ihrus o
end the tanpgential force may bu d-termined by the metbod discussed
in Section 1.

propeller torque, the points ot which resvliunts of axial and
tangential forces are epplicd may be deleriiined fiom thie equstion
of mouments crealed by clcementary forces.

For finding these points, more approximate methods are also
permitted.  For cexample, Rosingh svggested o diggram for approximate
deteraination of the point to which thrust ¢ applicd (Fige 21). For
& plane which pacses at a distance of T = Q.h from the propeller cxis,
we find that the resultant of throst is applied at a point localou &t
# distunce of 0.73R frea the propelicr axis and amounts to 92% of the
total value of thrust el a design repime of operations:,

#1t mey be approxirmaiely considered that {he relolive distribu-
tion of the thrust along the propcller radius correspends to the
distribution of torsional mowent (sce (313)). Thereforc, the graph
in Fig. 2} moy also be uscd for finding the point to wirich tangentia
force is applied. Distribution of this force may be found from the
formula deduced from furmule (12) ar beoodp

o g, dr

h“ 0
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Fig. 22. Adduction of the force acling on the propeller
blude to the point Al

Then the centrifupal ferce P, which causes both bending and
tension, is deiermined (Gn kiligres-torce):

(,;,"h? (69)

0

Il. -
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where G - weight of blede, kg;

ru ~ digtance bilneen the center of pravity of the blade and
axis ol propallor rototlon, my
n,o- propullicy rpa,

position of ih. point to vihich contivifupal force is ceplled
and which coincides with Lhe centor of yr“vl Tl bhe Lludn Vaici

rer,, i deternined by ovhe o Teddady cnd trencveroe coordisto,
which were coleulatod coing rueosicsl JHLu,x\ll on mevhaods ’aue Bee 4.

I3

L diagran An Fipe 22 shons: opeint A Lo shickh oot Py s
epplicos, peint B bo widceh tangontisl hydredynaisic force Ty s wppl iod,

A e T St ¥ R A S < 87 eSS T G ot Mt w0 e s 4 em e s s

Diveclion of L Ut s purpomicuaar e uhe plenc ol draving

v s s ¥ o e -

and point G (which cointides with the center of gravity of the vhiolc
blede) to waich centrifugal forece P is applicd,

Then,; to simplifly the calcy Jaﬁzon, all forces erc trensforyed

to D01nt A to which tle thrust is applicd, maintoining constant ine
bending moseni, which cets in the cress secticon beling considerad.

For this purpnsey the targeutisl {orce v proporiion

«...,

!
cf %g s 1eCoy T1 o i
tion of ccntrifv"a; {orce with ihe blade cross section plane is
denoted by lctler L, and t*e center of gravity of the flauv cross
section of the blade is denoted by levtocr Iy then, by trrusferring
centrifupel torce to ihre point A erd muintzining the beuling moment
constant

,1\

T1. 1L the point of intersection of the dirce-

Pt ,,‘\’”_ ’

Con o

rn)m(:“.

we obtain

ND
p‘ npen - C l‘r -C“ cos o, (70)




Fig. 23, Diapran for deternindng Lhe ars of applicalion
of arbitrery forcces

Fig, 2. Diepram of forces which cause bonding
of the blaas

The mowent created by force P, in respect to point D s
: U S ' nwooo
eplaced by roients of eome arbitory forces b, and P, wiidch are
found (Fig., 22 and 23) froo conditions of momwenls equality:

PoAC 1',,;_»,_(:1);‘ (71)
PLAE . P, LD, '

Ifrem which

/;" Iz oh .

| (72)
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CHaPTER 1T, BVALUATICN OF SCRILY PROFFLLERS STHOLGTH /L9
VARG JHYY LCCOUNT
TnL CYCLLE CHEARACTER OF EXTHREAL PORCES

Section O.

Tre roacon for porlodic veriations of hvdrodynzsic forces at
the propaldicr Lloder Lo von~unifcerily ol erturial {lov incident
o the pro.ctler, which is stipoiated by the effect of the stern
parto of 1l ship and projecting holl parts noor propallev,

>

Data characterizing non-uniformity of the incident flow are
obtainsd by masvring velocity felds in the area of rropeller
location vsing & madod of a ship Lull in wn experimentnl water
bocin, p obtained in the abscnce of an oporoling
propeller muite it poseible to obinin data on the sc-colicd
nordnsl velceily field, It is asswied thsi the eflect of the
opcrating propeller on the characteristics of the velocily field
non-uniforiily may be disregarsded and that the non-uniformity of
the velocity ficld oblained in model tests corresponds with the
non-unitcermity of the velocity field of 8 real ship.

The weak point of this method is the fact that in determining
the parameters of the propeller losd, it does not take nto account
the effect ¢f the propeller load eid slso of the scale factor on
the non-unifermity of the velocity field., However, this is the
only method that can Lo presently used, since existing enalytical
methods do not make 1t possibile to calculate accuraiciy ihe flow
of a viscous fluwid arovidd the stern part of a ship with specific
ship lines. On the other hand, measuring the $icdd velozity in
the area of propeller location nny be congsidered to be in the
category cof unicuz hydredynamic oiperiments,  The very limited
data avaeilazble tectify that the operating propcller may change
the initicl non-unifornity of the velocity ficld behind the ship
hull, This is particulurly pronovnced for chips with full liues
(& > 0.80) uhere al the stern purt of the ship, separation of the
boundary liyur tekes place (16).  In the case of such nhips,
because of the svetion action of the propeller, a displicoment
of the area of boundary luyer seraration toward the stern tales
place, which Jeads to the narrowing of tne relrrded flow incident
on the propcller end the apocearance of sharper non-unifornity
picks at thc propeller disk.

The approximaste methods of evilualing the ¢ffect of Joad on
ihe propcller on the non-uniformity of the velocity ficld (43)
chow thal this effcct i quite cussential, porticularly at inner
radii of thc propeller disk.

A5l
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bvicoiatly, for a ship w3l flow arornd its stern without sepirse
tion of the boundsiy loyer and vith lower load on the propeller iu

respect Loothvest, the effect of tihe propollor load oa the non-
nireority of the voleeity fictdd will be Jess prescunced. This nakes
it ponsitle Lo use the chorect ristics of ihe nominsl current an e

initial ;o on pou-eniformity ¢f the velooity fiela in the propaller
disk,

Data on the ponsibility of veing sivodation test rocults en the
prricacies s of vedeciiy fiedd non-oaifondiy aro aleo very limited,
Corparaide tests corried cul eu the Vapcnin-en oxperiuenisl banin
with the vie o a orcies of medede of a "Victory" type ship bnilt in
cifferent seales, irededing o Lovpi~scale fewed wodel, damonstrated
that the eficet of o sesle Foctor is nodl cssential,

Data on the nun-unifowsity ol velocity field pereancters for the
field in which the vropoller operates serva gy a besis for caleda~
tion ol pericdically varying forces actingg oy the blade end ctrooses
ererging in tne blate vnder the action of these forces. As notled
carlier, ithesc datz cen be obtained by leoling hull 1icdels in sn
experimsntal basin,

At the initial design stage, parancters on the non-uniformity
of tho velocity field determined for a prototype ship muy be used
for evalu=iion of forces created by the propeller for the same
shape of ctlorn parts of shipr Lelng builtl,

It is essumed that slisht deviations in the shspe of the stern
part of a ship would not load to & considerable change in the nowminal
velocity ficld in tic propellder disk. Therefore, ships iy be brolien
down into prouns with similar chavcceteristics of noneunifermity of
the creatcd velocity Sfield.

In conszidering only sincle-chaft and dowble-shaft scapoing
shirs, tie followin; groups should be sepsraied: with stern-post
frame (closcd stern), without stornepost frave (open stern), with
propellcs struts, with sheft boscing.

Block cocfficicnt & and coefiicient € wirich reflects the shope
of stern frzuns msy be used as parcaelers charucterizing the stern
formations of a single shalt ship. A rethed for rctcrmJLing
cocfficient ¢ is shown in Fipure 2%,
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Graphe dn Vige 26 &, b, and ¢ ave plotted for ships which differ
by {he veluo of cocfficirnt T reflecting the shupe of stern frames
but have Lhe oz o2 block cocfficient &,

Graphs 3n iig. 26 4, ¢, £, &nd g are for ships with different
velues of both coeftficlents ®and <.

In Fige ¢ a and b @ e shown nominal velocity ficlds {ypicel
for single~chorL trensport ships wilh the clowed type of otern (37).
Late on non-viformity prrameters ere conditionally referr-d 1o the

chip lenpth sleonp waterline L o= 152.5 m (500 feet) and pron2ller
aucter D e 6,1 m (20 fect), % = 0.04 (Fig. 27, a), and also to

di

L = 183 m (67 feet) and propeller diamcter D+ G.7 m (22 fect),
b .

1

= 0.0365 (Fig. 27, b).




If the /1 ratio docs not coincide vith the whove valvos, the
vatues of v rioid should be chorped accordin; to formedas

1

1y 1 N
Yo,

p Iy wrd T = yelntive radion of the poeopuiler, dte dlometer,
ans the ship Loagth along its vaterlivg,
rectecuively,

Pipere U suovs Lysdeld noinsd o velocily ficids in the arce of

the propodler Sur two-she ©L bravspoert ships (37) with verions desipns

of pianeller cipesure (bossiigr, prosoiler shaft sirut, coolinuilon of

Loth).

In Fig. 20-28 on the x-coordinute is plotted angular coordinatle {3,

S k<2 AAmma) m e A ek w s - gy - [ . Y. ca——- a

xFlotiin | viaues ol angie £ 1o sterted Irowm the upper vertical
position in tie plone of ihe propolicy disk in clockuwisce roluation.

———

and on the y-ccordinste relative aziul V_ = V: (un) and tangential

Vo = VE (down) components of the velecity field (V-ship speed).

v
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Kordnal veldocity fields in the erce of the propeller
for cingle-nhzft transyort cships vith a slern liaving
cteorn post (clesed typn): /5

“d

a. & = 0.7, V-chape sicrn frames, Tre 0,553

b. & » 0.7, shape of slern frames internediary
belween Vo and U shape, T= 0,35

-e

c. O = 0.7, U~shape stern irames, = 0.1

d. & = 0.00, moderate U-shape stern fremes,
< = 0,205
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Fige. 26, DNKoridrol velocitly fieclds in the area of the propoller i
for simlc-el il transport ships with a stern bhuving |
: /53 i

stern post (closed type)

d “ 'J -
e. § = 0,65, naderete U-chape stern frames, «+= 0.28;

.y
-
on

*

0.75, roderate V-shape stern fremes, T = 0.35; {

g. 0 = 0,80, raderate V-shape stern frames, < = 0,40,
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In a gensand care, the velocity ficlad in {he svea of the yeepaller
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and rolisl cowpontit Vee o Yhe padn role v varietiens ol the wnile of
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ke Torities of blisde oionoots An a b
vidfora 12 et of ddel cherecteriood by i
ancde of Ve turn Lo Uhe gurudne nonitien O, the diseciaon of tiloy

incidence 3 Gelorminel by the coagive B oo r({}.
Ve 5 I

LR (72)

“e

. P
wviere V = ghip speed, s e~ LT o
Bip Specd, nb aoyo Ty

Tne incitontaneous velue of U sdvance rotio of the elemconi:

o~

owtel Lot (74)
' »I.i .
o

From the forcroiny (soe Seeticn 1), it follows that kuowing ithe
enrle of civence ratio ool an elemont iz switieient for debermining:
the nydrodyn-ric lerd ¢ the propoiler in dt: operation in a uniform
incident flew. waen the relation eem the cnsracleoristics of
external flov and pencreted hydroo,nonde force in exprossed with the
heldp of sirple fornwiazs besed on the vortical theory of on optinaum
propeller,

It is 3wposcible to coteblieh cimilar depoenidences for a
propeller oprrating in a non-uwuifoen incddens fleow withond
intredvcing @dditlionsl sesunpidons, beeausn of the cemplexity
of deternining induced velocity @&, The voriical systenm of o
propeller dn a non-vniforn velocivy ficld is characterined by
the presence of free ragicl and bholiceidal vertexes vnich arce
cevscd by priricdical chanee of the circulation o the aidjoined /56
vorticel sycstoem and vhich indece ol the srea of velocily system
edjoinment nnud affecl ilhe dntensity of its circulaticn. hLeace,
there is a rivtval effect of the ndisined and free vortlcal
systems which deprnds on ihe charcctaristics off the dncident
flow ron-uniforinity. Considerahly more comnles, as compared
with opcration of & propeller in & uniform Tlov, is the moilual
bydrodynaic effcct of propeller bledes. Since proveller

al
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The calculation method based on this principle was developed by /59
I. Ya. Miniovich (3). According to the hypotheses of a quasista-
tionary state, the condition which is both necessary and sufficient
for equality of hydrodynamic forces acting on the blade element in
uniform and non-uniform velocity fields is the equality of the
stationary advance/diameter ratio 2_ and the corresponding
instantaneous value of the advance/pdiameter ratio Lpe, determined
by equation (74).

The latter can be presented in the form:

Mo =M Ty (75)

where w,=1-—{? - coefficient of the nominal axial wake;

¢ﬁ=¥5==£5.%; - coefficient of the nominal tangential wake.
According to Figure 29, it may be considered that at the moment

of time being considered, the blade element is rotating at some

conditional angular velocity $2' at rpm n', which corresponds to

the actual tangential velocity of flow Rr = Vg =S8r (1 -¥.).

The values of 'and n' are found with the help of the following
formulae:

& =Q(1—vo; (76)
n =n“'_¢r)'

In contrast to angular speed of propeller rotation S and rpm n,
the values of ' and n' are variable with time, and in a general
case depend on the radius at which the element of the blade is
being considered. When the tangential component of the wake
?Elocity is zero, values of ' and n' coincide with values of

and n,

If the thrust of the element in a non-uniform flow_is denoted
by dP1 and the thrust in a uniform flow is denoted by dP1, theg_
according to the hypotheses of a quasistationary state, dP1 - dP1
uith.‘%p - hpe_or, transforming into nondimensional form and
taking into account formula (76), we obtain:

Py _ Py
p(a’)y D3 - b
From this formula:
(5 = v—wor () ()
$ 63 .

—




. dp) ar v
where: F5!)=J(E;k"(5iﬁ __(d,)‘ 1
L dr Jy pnrD® dr ’ YT {
By integrating formula (77) as a function of radius, we obtain /60
the value of propeller blade thrust for a random angular position:
l ;
) Y ' L )2 L (78)
Py pnth j(l —y? | 22 dr,
- ), |

where ?o - relative radius of the propeller hub, i
K

Similarly the torsional moment of the propeller blade:
i
M, = pn?D? \ (l—lv,)’(d—lff—) dr. (79)
! r Ny
(") 100 g (5] <f0
The values | « ! " and ( m‘)l‘ &) s which characterize the
elementary thrust and torsional moment of an individual blade are
determined by calculations using the vortical theory of the hydro-
dynamic characteristics of a propeller operating in a uniform
velocity field and the advance/diameter ratio by ALzt

as shown in Section 1. V-’ i

For calculations not requiring high accuracy, which also
include strength calculations of propeller blades subjected to
the action of cyclic loads, it is permitted to substitute the
action of the blade by the action of the element located at the
center of pressure, i.e., at the radius R , called the equivalent
radius, °

Formulae (78) and (79) in this case will be in the form:

Po- U (= K (80)

M U gy K, (81)

uhere.l.(1 and Ez - coefficients of thrust and torsional moment
of the entire propeller.

E1 and K2 are determined by the curves of propeller action in
free water under the condition that:

p LoVar, Ve,

[ndl v 1 _.‘r”". l—_—_ ‘_,_
where ¥ .po 2nd NQR - coefficients of axial and tangential
° nominﬁl wakes at the equivalent radius

-

0
F RO - 'ﬁ" - 00670

6L .

——— e 4




Calculation by formulae (80) and (81) is less time consuming
since, in thls case, calculations based on the vortical theory of
load distribution along the radius and subsequent integration of
hydrodynamic forces along the blade are not necessary.

Formulae (78) and (79) as well as (B80) and (81) are used for
determining varying hydrodynamic forces on propeller blades in
engineering strength calculations for conditions of cyclic loads.
Formulae (78) and (79) take into account more accurately special
features of the non-uniformity of the velocity field for a
specific ship. It is expedient to use formulae (80) and (81)
for rough estimates of variable hydrodynamic forces,

A number of studies may be mentioned which were carried out
during past years (e.g., (36) and (19)), the data of which testify
that it is expedient to introduce some corrections into formulae
(78) -~ (81) in order to improve accuracy in the calculation of
hydrodynamic forces acting on the blade, First of all, it
concerns defining more precisely the effect of the angle of flow
incidence on the propeller.

The coefficient of tangential nominal wake in equations
(78) - (81) is in general determined by the inclination of
incident flow., F, Gutsche (36), on the basis of results of his
systematic experimental studies of the hydrodynamic characteristics
of propellers in an inclined flow, considers it expedient to present
formula (75) in the form:

!
Aﬂe:kl—_—c—w‘-.

The values of ccefficient C=2 was determined from conditions
of similarity of calculated and experimental data.

A similar conclusion on the necessity of increasing the
variations of the advance/diameter ratio as compared with that
determined by the hypotheses of quasistationary state in the
operation of a propeller in an inclined flow was reached by
V. B. Lipis.,

Taking into consideration the above discussion, it seems to be
expedient to introduce corrections also into formulae (78) - (81).
Based on systematic calculations and comparing them with the
available experimental data, it was found expedient to present
formulae for calculating the hydrodynamic load on propeller
blades in the following form:
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i
P, = pn?D* s‘(l - O (%’:-‘) dr, (82)

.
1.
i

My=pn'D* | (1--Cyge () a7
i
o . 1

or

P, ""_5 D (l—C\l\‘R")? 1-(11 (8

M- !_‘;?-’i (1~ C¥yp )" K

taking into account that
- ! 'r-ll(’ Va
by A T (T”:— — R,

- 1’
l—Cc--7
aRo R

where coefficient C«1,5,

Formulae similar to (83) are further used for determining the
variations of hydrodynamic load acting on the blade for calculating
the cyclic strength of a propeller operating in a non-uniform
velocity field.

It should be noted that for single-shaft transport and
industrial ships, where the non-uniformity of the velocity field
is created mainly by the axial component, the effect of flow
inclination is not as clearly pronounced. Therefore, individual
calculation results by formulae (80), (81), and (83) may differ
slightly from each other.

A more significant effect of flow inclination is manifested in
the creation of non-uniformity of the velocity field at ship
propellers in the case of two-shaft or multi-shaft ships with a
transom stern, and also at propellers of high-speed ships with
extensive inclination of the line of shafting. In such cases, it
is necessary to define more accurately the hydrodynamic forces
determined on the basis of the quasistationary state hypothesis.,

The component of hydrodynamic load caused by the inclination
of incident flow also includes additional forces emerging at the
propeller blades as a result of pitching and rolling on the high
seas. It 1s expedient to calculste these hydrodynamic forces
also by formulae (82) and (83).
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Section 8. Strength Calculation of Propeller Blades
In the Presence of Variable Loads

The formulae (78) - (83) obtained above are used for determining
external forces in engineering strength calculations of propellers
under the action of variable loads. These formulae can be used if
the following data are available:

action curves of the propeller tested in free water;

parameters determining the main geometrical elements of the
propeller (diameter, number of blades, characteristics of their
cross sections) and the regime and conditions of propeller opera-
tion (rpm, ship speed, etc.);

information on the distribution of the nominal wake behind /63
the ship hull in the propeller disk; if such information for the
ship being considered is not avallable, the approximate charac-
teristics of non-uniformity of the ship's velocity field,
discussed in Section 6, may be used.

The initial data listed above make it possible to calculate
the instantaneous values of the thrust and torque of the propeller
blade for a number of its angular positions during one full revolu-
tion. In particular, the extreme values of thrust and torsional
moment of the blade (P1 max and P1 min?® M max and M, min) as well

as the amplitude variations of the thrust and torsional moment of
the blade Auring one revolution are determined:

P.=%(P, max'_Pl mhl).‘

Mo=— (Mimas— Miin)
or in dimensionless form:

|="— Klmnx"Klmln '
AKy = ) (8L)

AKz’“— %(Kz max" K!mln)‘

Calculations and experimental determination of the vibration
frequencies of propeller blades in water show that the ratio between
natural vibrations of blades and those forced by hydrodynamic forces
during the operation of a propeller in a non-uniform flow behind a
ship hull is such that the critical frequencies are much higher than
the frequencies induced by forces corresponding to operational
regimes. Therefore, if hydrodynamic loads acting on the blades of
a propeller operating behind a ship hull are of periodical character,
then the stresses and deformations will change with the same
periodicity (with a coefficient of dynamic character equal to one).
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Taking into consideration the proportionality between external loads
and the stresses created by them, as well as the character of the
variation of external forces during one revolution of a propeller,
the stresses in cross sections of a propeller may be presented as
varying according to an assymmetric cycle consisting of a constant
average stress within one cycle 6, and a stress periodically varying
with the amplitude 0. Since the study of fatigue is carried out
with a sinusoidal form of the stress curve, and the result obtained
are applicable without any corrections to other laws of their
fluctuations, then analogically it is considered that the
frequencies and amplitudes of cyclic stresses in propeller blades
are stipulated by the amplitudes and period which are characterized
by the parameters of wake, and fluctuation of the thrust and
torsional moment, according to a harmonic law,.

In order to obtain the dependence for evaluation of stresses /6k
under condition of assymmetric cycle, let us use experimental
results of testing the cyclic toughness of structural materials (22).
Data of these studies make it possible to formulate the following
hypotheses:

the maximum amount of work absorbed by the material® without

#by the term material, a metallic alloy is understood.

failure because of hysteresis phenomenon is a constant value which
does not depend on the assymmetry index of the cycle;

with stresses equal to the fatigue limit, the width of the
hysteresis loop is proportional to the maximum stress of the cycle,

From the first hypothesis it follows that if for some material
the area of hysteresis loop corresponding to the fatigue limit of
symmetrical cycle S, is equal to some quantity, then for the same
material this area at some maximum stress in the assymmetric cycle
will be equal to the same quantity. If we denote by Sg the area of
the initial hysteresis loop for maximum stresses of an assymmetric
cycle with an assymmetry index s, then based on the first
hypothesis

Sw - Ss = const.

and because

S, As A, (85)




where l)u - the width of the hysteresis loop, then based on the
second hypothesis, we obtain

A, Be o (86)
From formulase (85) and (86) it follows:
S, Al (87)
where A and B are proportionality coefficients.

For an assymmetric cycle with components of maximum stress
o and 6;, according to the first hypothesis Ss - Ao, Z&a, vhere

Aa - cyclic toughness of the material with an assymmetric cycle;
according to the second hypothesis 6, = B (6% + 6;), and therefore

S -AB(a, +a) G, (88)

However, according to the first hypothesis, Sw = Ss = const,
and comparing equations (87) and (88), we obtain:

"?.‘l ’ 05 -+ oa"m' (89)

This is the desired expression connecting the fatigue 1imit in
a symmetric cycle with components of .naximum stress in an assymmetric
cycle, when the average stress of the cycle is positive, i.e.,
tension. The right part of formula (89) can also be expressed
through extreme stresses of the cycle taking into account that the
average and the amplitude stresses are related according to the
following dependences:

— Omax + Omin a9, = Omax — Oinin

Oy 3

In this case, equation (89) will acquire the form of:
202" =03'le_o g (90)

max - min'

It should be noted that the obtained dependences (89) and (90)
are only approximate but the resulting error is negligible and
contributes to a safety factor increase, which is supported by
numerous experimental data. The, advantage of formulae (89) and (90)
is in the fact that they provide the possibility of evaluating
variaole stresses at any number of cycles by a single property of
the material, i.e., the fatigue limit with a symmetrical cycle,
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When equations (89) and (90) are used for calculating of cyclic
strength in the case of a simple asymmetric cycle, they can be
presented in the following form:

2 4. .
VO.'* 0,0, ;

- l/i'_';"m:ﬂg (91)
.2 '

=0,+0,, (92)

where n .., n, - safety factors;

6;1 -~ fatigue 1imit of material;
- yield point of material,

Either of formulae (91) limits to a certain extent the amplitude
and the average or extreme stresses of an asymmetric cycle if a

specific part is designed for cyclic strength., Fulfillment of this
requirement guarantees the absence of fatigue failures of the struc-
ture designed with various safety factors. Formula (92) determines
the maximum stress of the cycle with a permissible safety factor,

which if exceeded does not guarantee the absence of residusl strains

in the part.

Consequently, formula (92) expresses the condition of

static strength of the blade, while formulae (91) evaluate cyclic

strength.

In some cases, it is more convenient to perform calculations by
using equations that show the relationship between external load and
the cross-sectional dimensions of the part being designed. To
calculate bending stresses in propeller blades, the extreme values
of thrust and torsional moment on the propeller blade may be
considered to be known or the maximum and minimum bending moments
in the cross section may be considered to be known in design
calculations of a specific cross section. Thus,

Mmax _ Mumin
’ min "W' .
Substituting expressions for extreme values of stresses into /66

(91), we obtain a formula for calculating the section modulus:

or

where

i.'IlIlllllIIlIllIllIIIIIIIIIIIlIIIIIIIIIIIIllllIlllllllllllllllIlllllllllllllllu---c‘

174 _n_“’_ ‘/ Majax — MaxMmin
Ty 2

——

) aM S—1
R VA (93)
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From formulae (91) and (93), it follows that for the evaluation
of the cyclic strength of propeller blades, it is necessary to know
the magnitude of constant and symmetrically fluctuating component of
& load in an asymmetric cycle or to know the maximum and minimum
stresses for this cycle,

To determine those stresses, it is expedient to proceed from
those principles on which generally accepted calculation methods
of static strength are based.

It was determined by experimental methods of studying the state
of stress using models of ship propellers that, independently of
their geometrical characteristics, the most stressed areas of blades
are those with greater thickness.

This makes it possible to assume that it is expedient to
perform strength calculations only for thicker cross sections and
to use as the initial method the one discussed in Section L. In
such a case, the load of the blade caused by constant components
of the thrust and torsional moment is determined by formulae (38),
(L4S) or (LO), (L1), (L7), (L), while the variable compcnents are
found by subsequent calculation of the amplitude values of fluctuat-
ing thrust :nd torsional moment using formula (8L4), as was discussed
in Section 7.

The average value of the periodically changing component of
an assymmetrical cycle of stresses is calculated by the following
general formulae:

c,_(MP+M‘)cosv—i-M.,.sinv

Fig. 30. Calculation of cyclic strength of propeller blades

n
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The only difference is that in calculating average stresses,
the bending moments and Mp calculated for the average values of
thrust and torsional toment of the blade are substituted into this
formula. In calculating the maximum and minimum stresses (6. ’°h1n)
of an assymmetric cycle, the values of bending moments obtaimgé
for the operation of a propeller under conditions of a non-uniform
velocity field are substituted into this formula,

To illustrate the practical application of the method discussed
for determining the cyclic sirength of propeller blades, let us
perform this calculation for a single-shaft tanker with a closed-
type stern, tonnage of L42,000t, power of the main engine 10,200 HP,
and cruising speed of 15,5 knots at 102 rpm of the propeller.

Figure 30 illustrates additional information concerning the
shape of the propeller blade.

Calculation of the cyclic strength of propeller blades
comprises calculation of amplitude values of the thrust and
torsional moment at the propeller blade in operation in a non-
uniform velocity field behind the ship hull and calculation of
the static and cyclic strength of the propeller blade,

Calculation of coefficients of thrust and torsional moment for
conditions of operation in a non-uniform velocity field is presented
in Table 9. Characteristics of non-uniformity of the velocity field
(coefficients of nominal axial ‘?a and tangential Y;wake at the

equivalent radius equal 0.67R) obtained as a result of model tests
of a tanker in an experimental basin are illustrated in Fig. 31, a, b.

PR

ocihn

Fig. 31. Coefficients of wake
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Also necessary for the calculations are the curves of propeller /68 1
action in free water. 1

Initial Data for Calculating the Coefficients of Thrust and

Torsicnal Moment for Operation of a Propeller in a Non- 1
Uniform Velocity Field: 1

Ship speed

anots.................- 15.5

s?

V’ ln/sec . ] L L L L . L] * L] . L] L] L] L] . . . 7'98

Rotational speed

Ny TPM o ¢ o ¢ o o ¢ o o o o o o o o s s oo 102
Ny PP SEC o o o o o o o o o o o o o ¢ o o o o 1.7
Propeller diameter Dy M 4 & o o o o o o o« o o o 6.5
Number of blades in propellery Z « « « o o o o N
Equivalent radius, By o « « o« o s o o s o s o » 0.67
Advance/diameter ratio (determined
by speed of the ship)
k-%ﬁ 0.722
Figure 32 illustrates a comparison between results of calcula- /69

tions performed according to the discussed method (after recalculating
on stresses actually present in the blade) and stresses measured in
the blade of a real propeller operating in a non-uniform velocity
field behind the hull of a tanker. By comparing curves 1 and 2, it
follows that the character of variation of stresses in the propeller
blade determined by both experiments and calculations is the same

and that their amplitude values are also in satisfactory agreement.

The amplitude values of thrust and torsional moment fluctuations
on the propeller blade are necessary (in the form of dimensionless
coefficients) as initial data for performing the following stage of
calculation, i.e., calculation of the static and cyclic strength of
blades. To perform these calculations, the following data are needed:

7k .




Propeller diameter, m « ¢« « o o o o o »
Numberofblades « 8 o o o ¢ ° 0 o+ o @

Rotational speed, I'PM 4« o o« o o o o & «

Constant component of coefficient of thrust

Constant component of coefficient of moment

Amplitude of fluctuation of coefficient
thrust (from Table 9) o ¢ o o o o« o o

Amplitude of fluctuation of coefficient
moment (from Table 9) * o & & ¢ o o o

Relative radius of propeller hub , . .
Propeller material:
tensile strength, kg/cm2 e o o s s e
yield point, kg/cme . . ¢« ¢ 4 o o o

fatigue 1limit in corrosive medium .,

of

of

. YA

. n

. Ky /70
. Ko

o AKy= -%-(Kl max — K, min)

o« AK,y= ";—(K:max—K:mln)

.

s, 00" IS0 210 240 270 300 a0 3 26l
W 0 W 1 .,déé.

Fig. 32. Graph of changes of stresses in the root section
of a propeller blade of full size during one
1. by calculation;

revolution of the propeller:
2. experimental data.
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Calculation is carried out in the following sequence:
Geometrical Characteristics of the Cross Section Being Checked:
Relative radius « « o« ¢ « o ¢ ¢ ¢ s o ¢ ¢ s ¢4 T
Width & ¢ ¢ o o ¢ o ¢ ¢ 0 6o ¢ ¢ ¢ e e s 006 es Db
Maximum thickness, M o« « o o o o » o o « o o o €
Pitch ratio o o o ¢ o o ¢ ¢ o ¢ o s ¢ ¢ ¢ o o« » H/D

Pitch angle, degrees =« « o+ « o« o « o ¢ « o « « V=arctan gég

p
Section modulus in respect to_the main /71
central axis for point C, m®> . . ¢« « o« &« « o« Wg(C),
Table 2 or
(59)

Determining Stresses Resulting From Acting Forces

Coefficient of bending moment caused by
action of axial forces « o « o o o o o Gpfary (kig.lh)

Coefficient of bending moment caused by \
action of tangential forces . « « « o Grpm?p (FiF;lh)
Constant component of bending moment |
caused by axial forces, kg=m « « o o » MP=,5£ﬁQiéP
[ 2z
Constant component of bending moment
caused by tangential forces, kg-m .

€

! i

, KypntD?

Al = 2T
r = z G,

i
’ '

Bending moment caused by centrifugal ,
force’ kg‘m e o ¢ o o & o o ° o s s M¢|(2£) 0&12:;)]

Bending moment caused by variable '
component of axial forces, kg-m o « o aar, - [2Kipnt03
P: 2_*1',.

Bending moment caused by variable
component of tangential forces, kg-m . AM = BKpatliG

Compression stress at point C caused by
constant component of acting forces,
kg/cm2...........-o..- cmz(ﬁlf.-ﬂ')ww.lo~-l

L W)

Amplitude of variable stress at point C,

kg/cm‘?..............._.

a ——..___5_.“)-0

76 .




Determining the Safety Factor

Safety factor of static strength in
respect to tensile strength . o « ¢ ¢ & np:gk ]

Safety factor of static strength in
respect to yield point (taking into
account the action of variable forces) - — ‘-

Opp -1 Og ]
Safety factor of cyclic strength « « o o« n_o - _ 2tk %

Safety factors of static and cyclic strength of material are
selected in accordance with recommendations discussed in the follow=~
ing paragraph.

Section 9, Determining the Safety Factor of Static and /12
Cyclic Strength

In evaluating both the static and cyclic strength of propeller
blades, it is necessary to establish permissible stresses or safety
factors.

Rational selection of permissible stresses determines the
creation of optimal, from an engineering point of view, design of a
propeller with high hydrodynamic properties, possessing sufficient
mechanical strength, and requiring minimum expenditures of material.
Determining factors for substantiated selection of permissible
stresses are reliable data on the mechanical properties of the
propeller material and the magnitude of stresses emerging in the
propeller blades under operational conditions.

In a general formulation of the problem, it is difficult to
establish permissible stresses in design calculation of propeller
blades. The complexity of solving this problem is connected with
a wide variety of external forces acting on the blade and with the
complex geometrical form of the blades., Changes in the mechanical
properties of materials depending on manufacturing technology of
propellers, propeller size (scale factor), presence of stress
concentrators, effect of surrounding medium, etc., must be taken
into account. With the present state of the art of analytical
determination of stresses in propeller blades, the solution of a
problem of this type is practically impossible.




e o

Discussed below is an approximate method of establishing the
safety factor which is based on a differentiated approach for
selection of permissible stresses. The principles of this method
were developed by Corresponding Member of the Academy of Sciences
of the USSR I. A. Oding. The idea and main aspects of this method
as applicable to general machine building are discussed in (22).

The essence of the differential method consists in the fact that

in determining permissible stresses, the general safety factor of /73
the structure being designed is found as a product of partial

coefficients which take into account the factors of technological

and operational character which affect the strength of the structure.

The general safety factor obtained in this way, ties design stresses

6, with stresses 63, which characterize either the strength of the

mgterial or its deformability. Analytically this may be expressed

by the formula:

)

0= oyn. (9L)

The differential method of determining the safety factor cannot
be called a simple method since quite often difficulties may be
encountered in establishing some of the partial coefficients. 1In
such a case, the designer has to solve an additional and quite
complex problem, However, the negative features of this method
are fully compensated by the fact that the designer obtains a full
idea about the elements which comprise the safety factor he is
establishing., Among the initial data for calculating permissible
stresses, of special importance are the so-called factor coeffi-
cients which influence the general safety factor.

It should be noted that the vast majority of these partial
coefficients are not directly safety coefficients. They determine
only the relative value of stresses which were not taken into
account in strengtn calculations or of a decrease in strength of
the part under consideration which was not taken into account by
testing specimens of the same material.

There are many reasons for the strength decrease of propeller
material as compared with the strength characteristics of a smooth
specimen, These reasons are various in their character. The
presence and importance of causes of strength decrease may be
predetermined by tne designer and taken into consideration by
using factor coefficients in the calculations.

Following the above method (22), let us present the general
safety factor of static n_ and cyclic na.strength as a product of

partial coefficients: S

n(n.)- S,S.KKMTT, (95)
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Actually, the safety factor is provided by coefficients $=543;,
where Sy reflects the reliability of the propeller material ana Sp
reflects the reliability of the ship propeller as a propulsivs device
as well as the conditions of its performance. Coefficients S and S
are selected on the basis of experimental data, after which they are
considered to be kind of legitimate. In selecting the value of
partial coefficient Sy, one should distinguish between forged and
cast metals, The strength of test specimens cut out of a cast,
forged, or rolled blank of the part cannot fully and accurately
cnaracterize the strength of the manufactured part as a whole,

There is even less reason to judge the strength of the entire part

by the strength of a cast strip for specimens. A part, particularly

one of complex geometry, does not possess the same strength in

different areas. This is explained by the heterogeneity of material
structure, segregation, beginning of rupture caused by non-uniform /7h
shrinking, formation of blowholes, pores, etc. These flaws are more
pronounced in cast metals as compared with rolled or forged metals.

For example, (22) recommends assuming Sy = 1.1 for forged metals
and S1 = 1.3 for cast metals, explaining this by the presence of more
defects in cast metals, which lowers their strength by 30%.

According to the same recommendations, the value of coefficient
S, may be assumed to be within the range 1.,15<8S5 £1.30. It should
be kept in mind that in most cases the breskdown of propellers, such
as breaking off of a propeller blade, will not result in a full
stoppage of the ship, since the ship in such a case does not loose
steerability and usually can reach the nearest port independently at
a lower speed. However, ultimately it leads to an increase of expense
and therefore, taking into consideration recommendations of (22), it
is expedient to assume that the value of coefficient Sy is equal to
its upper limit, i.e., Sy = 1.30.

The effect of design and calculation factors is characterized
by the coefficient:

K = KK, (96)

where K1 takes into account errors in calculating stresses and a
possible incrcase of stresses in the blade due to pitching and
. rolling, because the propeller might be only partially submerged
in rough sea, or with the presence of trim difference, In addi-
tion, coefficient K1 is distinguished for constant and variable
components of hydrodynamic load and siresses caused by this load.
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Analyses of stress measurements in bledes of actual propellers
demonstrate that constant components of actual maximum stresses may
differ from those calculated by about 20% (using the method discussed J
in Section L4). Therefore, the minimum value of coefficicnt Ky for ’
the constant component of hydrodynamic load ana the respective part
of stresses in the cross section of the blade being considered may
be assumed to be equal to 1l.2.

The average errors in calculating the variable component may
exceed those in calculating the constant component of hydrodynamic
load., Ir addition, pitching and rolling of the ship in rough seas
and incomplete submersion of propeller blades lead to an increase
in amplitude values of the fluctuating hydrodynamic load. There-
fore, it seems advisable to assume as a minimum value of coefficient
K4 for the variable component of the load and respective stresses,
K1 = 1030

Coefficient Xp in formula (96) takes into account special
features of design character which influence the possibility of
stress concentrations in propeller blades. In determining
numerical values of coefficient Kp, the current tendency of
making considerably more strict the requirements which should
be met in the design and manufacturing technology of ship
propellers, especially in respect to their surface finish and
the prevention of erosion damage of blades because of cavita-
tion, is taken into consideration. The analysis of the above /15
factors as applied to propellers of seagoing transport ships
makes it possible to assume coefficient K, = 1.

The effect of the overall dimensions of parts or structures on
11eir strength is taken into account by coefficient M, called the
coefficient of scale effect. This coefficient can be determined
fully and with required precision only by judging the results of
experiments, It should be kept in mind that the coefficient of
scale effect is of ambiguous character, i.e., its values for
static and cyclically fluctuating forces are considerably different.
For exarple, according to experiments on a number of steel brands
and copper alloys, the decrease of static strength with increases
in part size does not excced 10 - 15%, Therefore, when a structure
is subjected to static loads only, the coefficient M may be assumed
to be within the range of 1,1 - 1,15,

Completely different results were or‘ained in determining the
cyclic strength of test specimens of various dimensions. 1In all
studies concerning the effect of the scale factor of test specimens
on their cyclic strength, a univalent conclusion was reached,
namely that with increases in the overall dimensions of a speci-
ment the characteristic of cyclic strength, i.e., fatigue limit,
decreases.
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The reason for this phenomenon has not yet been determined
accurately, However, this phenomenon cannot be disregarded.
In Figure 33, &, curves of the decrease in fatigue limit are
presented which show the dependence of the fatigue limit on the
diameter of test specimens, Curve 1 was obtained by Ler in
testing a round specimen in cyclic bending. Curve 2 was
suggested by Faulhaber and is based on his experiments in
bending round steel specimens, Curve 3 was obtained by
Meilender and represents the dependence of the fatigue limit
on the diameter of a specimen in torsion., Finaslly, Curve L
was plotted according to results of cyclic bending tests and
was suggested by Uzhik,

Figure 33, b, illustrates curves that show the effect of the
overall dimensions of specimens on their strength. These curves
were obtained by S. V. Serensen and represent in the best way the
modern test data.

According to tradition, until now the strength of ship propeller
blades was calculated only for the action of averaged hydrodynamic
loads. Therefore, in publications concerning studies of the physical
and mechanical properties of propeller materials, the effect of the
overall dimensions of specimens on the fatigue properties of materials
was not reflected at all. However, individual studies of the cyclic
strength of copper alloy specimens with cross sections which, in
area, differ by one order from standard size specimens demonstrate
that in this case also a decrease in fatigue strength takes place,
the sare way as was observed in the case of steel specimens, Thus,
coefficient M, taking into account the scale effect in evaluating
the cyclic strength of the material of propellers of various
diameters (and therefore of various blade thicknesses) may be
assumed to be within the range of 1.0 - 1.5.

The effect of technological factors on the state of stress of
the workpiece is determined by coefficient T = T9Tp, where Ty takes
into consideration the surface finish and T, takes into account the
presence of residual stresses.
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Fig. 33, Diagrams illustrating the decreas: of fatigue limit
in bending depending on the specimen diameter and
the presence of stress concentrators: a. curves of
fatigue 1limit decrease depending on the specimen
diameter; b. curves of the effect of overall dimen-
sions of specimens on their fatigue limit. 1. carbon
steel without stress concentrators; 2. alloy steel
without stress concentrators; 3. carbon steel with
an average stress concentration; L. alloy steel
with high stress concentration,

The effect of surface damages and the quality of surface machining
on the general strength of a structure subjected to alternating load is
quite considerable. It was proven with sufficient reliability that
this effect is more pronounced for materials with higher strength, /77
Table 10 shows the variation of relative values (in percent) of the
fatigue limit of various steels in bending depending on the surface
finish of specimens. In accordance with (22), the value of coeffi-
cient T may be approximately determined using the equation
Ty = 1 + &(6.9), where (6.1) - absolute value of the material's
fatigue limit in symmetrical reversed bending; o~ coefficient
depending on the surface finish of the workpiece (for polished
surface o= 0; for grouna surface - 0.CO4; for surfaces with
negligible traces of cutting tool - 0.006; for roughly machined
surface - 0,01; for corroded surface - 0.02).

82 )




Since for propellers made of LMtsZh55-3-1 the value 674=9 kg/mn?, !
coefficient « may be assumed to be 0.005. Therefore we obtain

T =1+ 0,005.9 21,05

Coefficient T, also should be used in calculations of both the 3
static and cyclic character of acting forces. In contrast to other 1
coefficients, coefficient Ty may be above and below one, This
depends on the sign of residual deformations in the cross section 1
where acting stresses are deterinined. If the stress signs coincide
the value of T, will exceed one, while in case of opposite signs
coefficient Tp may be less than one.

Under actual conditions, residual stresses may be eliminated by
stress relief heat treatment. Technical specifications and instruc-
tions make performance of this operation ccmpulsory. However, as a
rule, it is impossible to fully eliminate residual stresses even
with slow cooling after soaking.

Table 10. Dependence of the Fatigue Limit (%) of Steels in Reversed
Bending on the Surface Finish of Test Specimens

Tensile strength, o,
Surface finish ke/mm?

a | s | e

Fine polishing. 1no 100 100
Rough polishing or superfinish 95 93 90
Fine grinding or fine nachining 93 90 88
with cutting tool *

_ Rough grinding or rough machining 90 80 70
 Rolled with presence of scale 70 50 35
In prescnce of corrosion in fresh water 60 a5 20
In presence of corrosion in salt water 40 23 13

It was determined experimentally that in steel shafts, which are of a
simple geometrical form, residual stresses after normalizing may reach /78
15 - 20% of the yield point (22)., It may be assumed that these
stresses will be even higher in & ship propeller of complex geometri-
cal form. 1Individual measurements of these stresses on completely
machined propeller blades confirm this assumption, showing that in
some cases the magnitude of residual stresses reaches 30 - LO% of

the yield point. This makes it possible to conclude that with the
present state of the art of the manufacturing technology of propellers
and in the absence of reliable and sufficiently complete information
on the level of residual stresses in propellers of various diameters,
the minimum value of coefficient T, should be assumed to be 1.3.

The above considerations make it possible to establish approxi-
mate values of partial coefficients which determine the general
safety factor,

83 .
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Substituting assumed values of partial coefficlents into
expression (95), we obtain a coefficient of static strength:

ne SSKKMET, 150,310,210 115-1-1,3.. 3,04,

coefficient of cyclic strength
o SSOKR AT, 13103003 11,2:1,05- 1,5 3,60.

The values of general safety factors obtained should be
considered to be the lowest values. The most reliable data
concerning the value of the necessary safety factor may be
obtained either by testing models of propellers under condi-
tions approaching those of actual service or by systematic
measuring of stresses in full size propellers under various
service conditions. This does not mean tnat strength calcula-
tions without taking into account the form of the workpiece,
loading regimes, dynamic strength properties and consequent
strength safety factors established by verifying calculations
of propellers designed and being used. Such a conditional
calculation does not make it possible to evaluate the effect
on strength of the most important factors which are always
present under service conditions. As a result, such a calcula-
tion does not make it possible to correctly select means for
increasing the strength of a workpiece being designed.

It is expedient to establish the relation between the
calculated static strength safety factor in respect to the
yield point and the safety factor usually used in respect to
the tensile strength of material,

For examgle, for LMtsZh55-3-1 brass the tensile strength
6p = L8 kg/mme while its yield point is ¢y = 19 kg/mmé. Taking
into consideration that the safety factor in respect to the
vield point ng = 3.0L, let us determine the magnitude of
permissible stresses

95 0.2 19
O =0 —t - 220
BN g 3.04

-625 kg/mme
From here, the static strength safety factor in respect to tensile

strength:
ny - B g7
Taon 6,2,

Thus, the value of safety factor nyp = 7.7 in reipect to
tensile strength corresponds to the value of safety factor
ng = 3.14 in respect to the yield point. The former is almost
the same as the minimal value of the safety factor for brass
and bronze propellers, which is accepted in all methods of
strength calculations that meet the requirements of the

Register of the USSR.
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Section 10. Consideration of the Effect of Scervice Conditions
in Deterpining sxiernal Forces Acling on
Fropeller bliades

In the process of exploitation, a ship 1s subjected to the action
of wind and seaways, During cruising in rough seess, additional hydro-
dynanic forces emerge on the propeller blades due to the changing
velocity field caused by the sea, ship pitching and rolling, and the
disturbing action of the vibration of the ship hull,

In strict formulation, the problem of determining the hydro-
dynamic forces acting on the propeller of a ship moving in rough
seas 1s extremely complex., In practice, it is more rational to
solve the problem by taking into consideration factors which play
a determinant role in the ph~2nomenon being considered. 1In
particular, it is possible to assume that during motion of a ship
on the high sers, transverse velocities in the disk of the propeller
due to pitchiig and rolling have a decisive effect on the appearance
of additional hydrodynsmic forces on ihe propeller. The sea itself
and the effect of the stern part of the hull are assumed to be of
little importance.

The effect of pitching and rolling of the ship on the hydro-
dynamics of the propellers is manifested first of all in the change
of its operational regime in respect to average load and, as a
result, in the higher resistance of the submerged part of the ship
hull to rough seas, and also in the appearance of additional hydro-
dynamic forces during transverse displacement of the propeller in
water.

Problems related to studies of the hydrodynamic characteristics
of a propeller during rolling and pitching were discussed by
I. Ya. Miniovich (2) and V. B. Lipis (19). I. Ya. Miniovich
suggested formulae for the approximate calculation of hydrodynamic
load components on a propeller during rolling and pitching which are
based on the hypothesis of quasistationary state. In the work of
V. B. Lipis, the hydrodynamic characteristics of a propeller during
rolling and pitching were determined taking into consideration the
effect of the non-stationary state of the flow., V. B. Lipis also
studied the hydrodynamic characteristics of a propeller during
rolling and pitching taking into account the possible suction of
air and incomplete submersion of the propeller.

Based on the physical concept of hydrodynamic action of
propeller during rolling and pitching discussed in (20), it
should be noted that rolling and pitching cause additional
displacements of the propeller and as a result, the appearance
of transverse velocities of water flow on the propeller,

85

/860

[




These velocities may be considered to be directed perpendicularly to
the axis of propeller rotation. Thus, during pitching and rolling a
propeller operates under conditions of inclined flow with a varying
angle of inclination,

The additional hydrodynamic load on propelier blades stipulated
by operation of a propeller in a flow inclined in the vertical plane
may be found using formulae obtained earlier (83). It is assumed
that:

‘I

we ~ Voi Vg - —V sino,

where @ - angular coordinate of the propeller blade;

VB = _E - relative velocity of incident flow in the vertical plane. 1
v
Taking into account that the dependence of the coefficient of 3

propeller thrust on the advance/diameter ratio within a relativaly
wide range of its changes approaches linear, we obtain: i

- . . 1
AAL, - (1 -7 1.5 @K, 3, e ay) by sin ;
! ( Ro) 2:12( kA, Be) (97)

N ﬂ_!ll_., cos .21 {
unl) Tk
- coefficient of additional bending moment on
propeller blade caused by pitching of the ship;

- MAL
where ap, O °
pacslr

K.l - coefficient of propeller thrust at designed
regime;

A_ - advance/diameter ratio of propeller at designed
P regime;

&, - inclination of propeller action curves K,( A,)
1 1 p
to the axis;

Lp - with design value of advance/diameter ratio;

L - ship length along waterline; ]

i

l(b - amplitude of pitching;

u~214j 7 - period of pitching (T-submersion of the ship).

Other designations are the same as in formulae (83). ;
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Fig. 3L. Changing of bending moment depending on the angle /81
of blade turn of a propeller operating at various
values of parameter ny
/82 ]

The resultant hydrodynamic bending moment acting on the
propeller blade of a ship moving in rough seas is found by i
summing up the moment determined for a calm sea and the addi-
tional moment caused by the action of ship rolling:

M, (V) =M, (0)+-8M, (0).
Figure 3L shows the character of coefficient of moment ;1 @y e

‘,;‘31,:.

variation, depending on the angle of propeller turn at various
values of parameter 7Ly, which can be considered as a relative

vertical velocity.

-5 Faw -ads 005 am a5
4y

Relative increase of variation of bending moment

Fig. 35.
depending on hy
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After coefficient of moment-— (&) for a number of values of 2
is found, it is possible to find the relative range of increase of
bending moment change on the propeller blade, depending on ﬂy
(Fig. 35).

(;ﬁ” )25 — -A—’}-([‘)mln )) E
i

R R U,

(‘ﬁl' (O)m.n - A,I'm)“..,.),."’ )
Function m( Ly) is approximated by a parabola of second power
wooaky | biy i
in this case, the method of least squares is recommended for finding
coefficients a, b, and c,.

TP e T

The value of relative vertical velocity ﬂy.is a linear function
of the angle of pitching ¥

by = R,

where

al 2%
b ;‘n‘,‘, N \I’»‘:lroc()s-;:i.
In accordance with the main aspects of the theory of pitching
and rolling of ships on irregular seas (5), the normal law of
distribution holds for angles of pitching:

vhere 6\,- mean square deviation, related to the average value of
the angle of pitching according to equation ¢’y = 0.798 y .

Thus, m will be a function of random variable Y, being at the /83
same time a random variable of M

M = ak®V3 - pRY -,

The numerical characteristics of function M are determined by
the following general formulae of the theory of probability:

mathematical expectation }Al - ]‘o (k™ -4 bl -+ ) f (1) dp,

3

] dispersion D= { (ak™®-} bhpt-c— p)*f(¥)dy

after transformations of these equations we obtain
fA-' ak’u’* bor,

a, ko } b -t ‘Zurkzﬂlé .
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where @u = 4 VB- - mean squnare deviation,

Since function u( hy) in its meaning cannot be of smaller value

than ummwch.?ﬂ its distribution, which is supposed to be normal, is
aQ

truncated.

The numerical characteristics of the truncated normal distribu-
tion of function m, which demonstrates the change of bending moment
acting on a propeller blade during pitching and rolling of the ship,
are found frcm relations:

it Boy (98)

0,0, |14 r"_lj_;:ijj“’x‘l’ ),

where m' and 9& - mathematical expectation and mean square devia-
tion of initial non-truncated distribution,
respectively.

Coefficients A and B are determined by equations:
— l -
T 05— Wity

- ()
0,5 — ®, (1))
under condition that

“:u-é::£ﬂb.

Oy
The numerical values of functions ¥(t4) and Cbo(t ) are
tabulated and published in handbooks on probability calculations.

As an example, Figure 36 shows a graph of t}e dependence of
the relative (as compared with ship motion in calm water) increase
of the average fluctuation range of the bending moment acting on
the propeller blade of a high tonnage ship, on the average values
of ship pitching amplitude,

The additional cyclic fluctuation of the hydrodynamic load
acting on blades is observed also in the ballast transition of
the ship. The submersion of a ship propeller, which is determined
by the respective ship displacement, decreases to the extent that
the blades are in the air, At the same time, the load on the
blade which is not submerged drops to zero.
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Fig. 36, Increase of the average values of the fluctuation
range of the bending moment acting on the propeller
blade of & high-tonnage ship as it depends on the
average values of amplitude of ship pitching

b

The ballast transition of a ship in scme cases represents a
considerable part of the exploitation period of oil tankers and
dry-cargo ships. However, incomplete submersion of propeller
blades is most typical for the latter, since complete submersion
of propeller blades for dry-cargo ships cannot be achieved due
to the more limited fore-and-aft trimming system as compared
with oil tankers.

A sufficiently accurate theoretical solution of the problem of
determining the hydrodynamic forces acting on a propeller when it
intersects the {ree surface is presented in (L4LO). However, because
of the extensive volume of computation, it is not acceptable for
practical purposes. Therefore, an approximate solution which
provides satisfactory results as compared to the results provided
by the method discussed in (LO) is discussed below. This method
provides satisfactory results, particularly in determining extrcme
values of hydrodynamic load. -

Let us proceed from the assumption that in the case of
incomplete submersion of a propeller, the nominal velocity field
will correspond to the case of complete propeller submersion,
excluding the part of the propeller disk that projects out of
the water, in which the hydrod;:iianic load equals zero.

Let us assume that distribution of thrust %; is changing along

the radius according to linear law, while the distribution of
tangential force ar along the radius is constant. Then, for a

propeller of radigg R which is submerged in respect to the water
surface to depth Ry, we obtain:

for a completely submerged propeller (R1> R)

Mp IR —~r) w Myl gRoor). (99)
aR °
vhere . . .
p. LB R R,
3 R(R 2




for a partially submerged blade (R1<;R)

Mp= Py(pRi—r,) &nd Mr . -q”;' @Ry =), (100)
. 18y

where ]
P, ._:"..fej.‘f',“ .". ,g; ' . Ry
3 Ry(Ry-4 rp) 2R,

In formulae (99) and (100), the following designations are used:

MP - bending moment caused by axial forces;
MT - bending moment caused by tangential forces;
P - thrust of the propeller blade while P1 - BZP, vhere
o= o0 (R <R);
M - torsional moment, M1 -'EBM;

distance from cross section being considered to the axis
LY propeller rotation.

"
]

From the above equations, we obtain:
I B e e (101)

Mp ke 2—;"—;:

My .

Ba = Wrr =i Aoy
T l—rp &k .4y

Coefficients,uP and)uM determine the decrease of bending moments

in the cross section being considered with relative propeller sub-
mersion to a depth of h, Projecting of the propeller blade out of
water and the decrease in hydrodynamic load begin at some angular
position which depends on the value of h. Only when & = 0° (360°)
does the effect of incomplete submersion reach its extreme value.
The dependence of coefficients;uP and)uM on the angular position of

the blade & at a given h is shown in Figure 37. A root cross section
of the blade is being considered (rp = 0,20).




8
"deg.

Fig. 37. Graph for determining coefficients‘np and/pM

This graph may be used for approximate evaluation of the effect
of partial submersion of a propeller blade on the magnitude of the
bending moment caused by the action of hydrodynamic forces in the
critical cross section being considered. From Figure 37, it follows
tii2t partial submersion of a propeller blade affects considerably
the variation of its dynamic load. For example, if 20% of the /87
propeller blade is not submerged in water, the bending moment in
the critical cross section decreases by more than 50%,
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Fig. 38. Variation of hydrodynamic bending moment depending /86
on angular position of propeller with various amount
of submersion
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Fig. 39. Variation of submergence of a propeller during
moverment of a "Bezhitsa" type ship

As an example, Figure 38 shows the resulis of calculating the
bending moment for full and partial submersion of a propeller tlade. /87

Based on the results obtained by V. S. Shpakov, who studied the
hydredynamic load of a partislly submerged propeller behind g ship
hull, let us note that the actual submergence of the propeller axis
hop at a given speed of the ship should be determined taking into
account the wave ordinates in the area of the propeller disk, i.e.,

Il.:,' /lm- -+ A
waves
where hp - actual submergence of the upper edge of the blade
from the agitated water surface during ship motion;

hCT - submergence of the upper edge of the blade from the
water surface without motion of the ship;

h wave- wave ordinate in the area of the propeller disk
measured from the still surface,

The simplest way to obtain wave ordinates in tre areca of the
propeller disk for various hydrodynamic leoads and corresponding
speeds of the ship is by testing models in an expcrimental watcer
basin or by using the data obhtained for a sufficiently similar
prototype of the ship in reuspect to main dimensions, stern lines,
and the elements of the propulsion device,




For approximate evaluation of wave ordinates in the area of the
propeller disk of & dry-cargo ship, a graph may be used which was
plotted by V. S. Shpakov and is based on experimental data. The

graph (Fig. 39) shows the dependence of wave ordinate hwave on the

submergence of the propeller and the relative speed (Froude number)
of a "Bezhitsa" type ship.

Section 11. Determining External Forces During Imgpact of a 5
Propeller Blade Apainst a Solid Object

Propellers of ice=-breakers and ships navigating in contsminc: ed
waters are constantly subjected to impacts against blocks of ice or
other floating objects.

According to the theory of impact, the problem of the iiipact of
two bodies, includes the problem of their local deformations; but in
respect to ship propellers this problem has not yet been properly
solved., Therefore, researchers are analyzing this problem at the
present time (7), (2L).

N. N. Kabachinskiy and V. A. Belyayev performed an analysis of
dynamic processes taking place in a propeller shaft-line system.
However, in determining external forces during impact of a propeller
blade against a solid object, they assumed that the blade is a thin,
straight, homogeneous rod (L), (13) and the complex shape of a
propeller blade was not taken into consideration.

The general dependence of impact forces on the geometrical
characteristics of a propeller (diameter, pitch, blade contour, etc.)
and on kinematic parameters (forward and rotational speed) was
studied by S. V. Yakonovskiy (32), (33).

The impact of a ship propeller against a solid object is charac-
terized by the impulse of impact forces (instantaneous impulse) acting
on a propeller blade, the moment of this impulse, the angular velocity
of propeller rotation after impact, and the kinetic energy lost as a
result of impact.

To derive corresponding formulae, the following assumptions were
made:

a propeller is a single body located at the end of an elastic
shaft line;

the object colliding with the propeller is free and its mass is
infinitely small as compared with the ship mass (after collision the
forward motion of the ship V - const), the impact is absolutely ;
inelastic; i




changes of kinetic moment of rotating masses of the propeller

do not cause changes of angular momentum of the whole ship,

At the same time, it is considered that the solid object is

stationary and that the ship is moving only forward and its velocity

vector is parallel to the propeller axis,

Figure LO illustrates in the accepted coordinate system the
instantaneous impulse during impact and the components of its

moment .

Fig. 4O. Instantaneous impulse during collision and

Below are given formulae of S. V. Yakonovskiy for the definition
of characteristics of impact by the surface or edge of the blade as a

components of its moment

function of geometrical and kinematic parameters of a propeller.

In these formulae the following designations are used:

frequency of propeller rotation per second before and
after the impact, respectively;

propeller diameter, m;
relative radius of impact point;

ship speed, m/sec, (forward motion with the sign "-"
and reverse with the sign "+");

advance/diameter ratio before the impact;
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adduced mass of the block of ice, kg-secz/m;

moment of inertia of the mass of propeller and the attached
mass of water, kgcmosecz;

angular velocity of propeller rotation before impact, 1/sec,
(forward motion with "~" sign and reverse with "+" sign);

radius of impact point, m;

polar angle between the straight line from the center of
propeller rotation to the point of impact application at
the blade edge and the axis CY in the plan~ of normal
projection of the propeller, radian;

pitch angle of the root cross section of the blade which
is determined by the formula:

i
leg,= Par
YA

propeller pitch, m;
distance between root cross section and axis of rotation, m;

- coordinates of point A in respeclt to which moments are

yA
A’ "A calculated;

VY - angle of blade inclination, degrees.,

At the moment of impact of blade surface:

instantaneous impulse ‘,
RN i
Gl o

14 —::—'- cos?v (g—): ( »}5 + "f:)

(n H — Vo) cos v ‘/

N
N =R

rotational speed of the propeller after impact:

-4 'nl'; cos? \'(![-;- )2(31:; - 'Z;T . '—‘{—i—a) (103)
ny=n, v P

| NI 1R?
Pp - —costa 20 Y {0 D
In= 05\(0)(" } I,)

96 .




g

Components of a moment of instantaneous impulse in a general
case are functions of angular coordinate «4; considering that the
impact takes place along the median line of the blade, it may be
assumed that K= gi .

The anpgular coordinate of point A in the root cross section
of the blade is also appreaching the value of T .

2

In such a case, the follewing formulae are obtained: /90

for components of the moment of instantaneous impulse

(n]” - Vln) -’.{— costv (] —_ :’,4~) (10)4)
¢ r
9) e . —— —_
A I TN RTIY
at (v) (;“ /,)
r—r H—v
W, - R »__(L_,"‘\‘(_'i'_;.- Vo) .
4 14 -—Lcos’ v 1’[—) (J~ -+ EB—)
as ( DI\# iy
(4 = Vo) -I_L cos?vigy (l —-,—_A—- )
W, —dp- N T
a2 ! [ ! Cns’v(»”» Z(J—-' R
at \l))fr' ' I,)

for energy lost as a result of impact
Nl V) eost ) (105)

2 i ::1 costv (-:é):(';l—, + }‘IR:)

Equations of S. V. Yakonovskly for the impact of the blade edge
based on the general theory of interaction of a propeller and ice
are cumbersome and therefore may be used only with utilization of
computers,

According to this theory the most disadvantageous position of
an ice block (solid object) which stipulates the maximum value of
instantaneous impulse and the compcuent of its moment M. is a posi-
tion parallel to the axis of a propeller, which corresponds to the
actual conditions when a propeller operates at regimes approaching
mooring regimes. Mooring regimes are typical for ships navigating
in ice.

For such a specific case, more convenient formulae were obtained
which are used in practical calculations.
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The angular velocity of propeller rotalion after an impact

oy - Rl : ( 106 )

Lo g da)t
Tty da)

The gcometrical meaning of a derivative dr/d« is explained by
Figure L1, and its value may be determined by the formula

di () 7o) dr

s r{a)tgy
do N3 1 () dx a8

where Y - angle between tangential lines to the contour of normal
projection of the blade and to the circle of radius r{=)
at the point of impact x.

The instantaneous impact against the edge

Vs o)

e i

Components of the moment of instantaneous impulse in respect to
the point on the axis located at a distance l(xA =-l,y, =052 = 0)

from the coordinates origin

o;R? (i)’ (108)

M= —n dr \a7 1 R ;
() [

EE
x [[(u—-’;—)~::— . _Z. +Flgv] ;%}(7'— : di:-cosa-| sina) ;
(]

AT 8
da r” I

x {[(a__;i) % _z_+;tgv] xR ,'?-} (-_"— . —3;— sina - cos a) .

DY, .~ — p

R R
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The energy lost as a result of impact

i e (- (109)
AL TS S
TN

After determining comnonents of the moment of instantaneous
impulse W, and Wi, by formulae f204) and (108), for impact against
the blade surface or the edpe, with the help of Figure LO it is
not difficult to deduce a for.u.la “or calculation of the bending
moment in respect to the axis 21 minimum rigidity of the root
cross section of the blade

W, =, sing, - M, cosq,. (110)

Quantities characterizing the collision of a propeller with a solid
body are functions of many parameters (reduced mass of a solid body,
radius of the impact point, etc.). Under service conditions these /92
quantities are random values which are detewmined by using statistical
data of experimental full size tests and applying the theory of
probability. However, there are insufficient data available yet and
therefore, solving of such problems is limited at present to some
specific solutions. For example, the tensile sirength of detachable
blades and of parts fastening blades to the hub as well as the
strength of a shaft-line subjected to impact loads may be determined
by comparing them with the existing prototype with the help of
conditional impulse of stresses

p -

Fig. Ll. Normal projection of blade contour and explanation
of the geometrical meaning of the derivative dr/d..
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It should be noted that formulae (104) and (108) are particularly
importan! for understanding those loads to which studs fastening blades
are subjected because of the action of each component of instantaneous
impulse Wi,, W, and .. First of all, it concerns the continuously
discussed problems on magniiudes of crumpling and shearing forces to
which studs are subjected as a result of the vertical component of
instantaneous impulse ", . In compa—ative calculations, m is found
by the formula ,TJ~-Q2%lﬁ, which i5 ovtained as a result of data

proc . ng based on full size experimental tests.

Below is given an example of using the above dependences for
comparative calculation in evaluatin; the strength of board propellers
of two ice-brecakers: one being aesigned and the second one of the
"Moskva" type. Calculation was performed under the assumption that
the ship propeller collides with an ice block of the same recuced
mass as the prop-iler itself which is determined by the relation

2
NR - 0.,.‘

Iy

for the ship being designed, which corresponds to the weight of the
ice block of 2.1 ton, The most dangerous case is assumed for calcula-
tion, i.e., the ice-bresker is moving backward while the propeller is
orcrating for forward motion., In such a case, impact against the
blade surface is most probable,

Initial Data for Comparative Strength Calculation
of Propellers oif ‘Ivwo Ice-Breakers

Ice~breaker "Moskva"
being designed ice-breaker

Diameter D, m 5.40 L.82

Pitch of the blade at a distance of
0.7R from axis of rotation H, m k30 3.86

Rotation speed at mooring regime n,
rev/sec - 1.92 - 1.83

Reduced mass of the ic2 block a, 2 2
kgesec?/m 2.12°10 2.12+10
Forward speed of ship Vo, Ty S€C 2.0 2.0

Distance between root section of the
blade r, from the axis of propeller
rotation, m




e T

f Initial Data for Comparative Strenpth Calculation
: ol Propellers of Two Icce-irecakers
(Cont'd)
Ice-breaker "Moskva"

being desipned  ice-breaker

Pitch of the root cross section

HA’ m 3.115 3020
Pitch angle of the root cross

section ¢, degrees 28° Lo 329 oot
Blade inclination v, degrees 0 0

Relative radius of the root cross
section T 0.370 0.336

Section modulus of the area of root
crossg section W, cm3

maxd mum 13,200 7,200
minimum 12,000 5,850

Moment of inertia of propeller with

the adjoined mass of water I,,
kgem.sec? 3.86.103 2,224103

Angular velocity of propeller rotation
Wy sec~ - 12.1 - 11.5

The moment bending the blade in respect to the axis of minimum
rigidity is determined with the help of formulae (10L) and (110)
assuming that:

cosv- 10, 7?00 w r=1.0;

Wi H =V (- F
My = S V(i) — (—;- . '"’— sing 41 lg cus 'PA) .

x-FOJ(l!f(1+uﬂfi)
D A

Substituting numerical values into this equation, we obtain for
the ice-breaker being designed:

m, - 2,12:00° (- - i.52-4.3— 2 (1- 0,37)

14 0.1-0.635(1 4 0,4)
J_.‘S__‘ .- . N ) . : ;
x(o,s Sy 082127 (),876) -3,38-10" kgemesec, 3




For the "Moskva'" ice-breaker:

w,

A

2_._11.’_»_1_(_)3 (183386 -2y 0.:136)
1000613 (1 0sisy

x [0,5 386
( 304 "»5331-2.41-0,840)

—= %

275-10" kgemesec,

The impulse of bending stresses (kgesec/cm) as a result of blade

impact amounts to:

M, ,
O == —
’ Wmax
Mo,

0,Af ==
g ¥ rain

Table 11.

Ice~breaker "Moskva"
being desipned ice-breaker
26.0 38.2
28,2 L7.0

Calculation of the Moment of Instant Impulse in Respect

to Axis of Propeller During Impact Against the Blade Edge

' Designation and Relative radius of the impact point ¥
No, ! calculating formulase 7 | ;
: 0.7 6 T { 0.5 1.9
i !
1 , -
| r 0.25 0.36 0,49 0.6} 0,81 0,902 1.0
2 i tgy 5,80 5.40 3.17 ! 2,30 0,933 Q.61 0
! -
3 dride {r - n. 2) 4.40 3,24 2,29 ! 1,84 0,640 0,571 | 0
4 (_.d’_) 19.3 10.5 5.2 3.38 0,704 | 0.33% | 0
da
]
5 = 4,00 2,78 2,04 1o 1,23 e
6 ns - _E;ﬁ’_ 4,55 3,33 2,59 2,11 1,78 1.66 | 1.55
X
7 n.4xn. 6 87,7 35,0 13,5 7.13 1,25 0,56 0
8 {407 88,7 36,0 14.5 8,13 2,25 1,56 1,0
9 —po, R? X n. 4, xre-M-c L2744 10° 149-10* | 72,2 100 18- 100 10108 4,8 100 0
10 !W, o= (n. 9:n. 8) 3,00-10° | 4,14.10" | 5,11.10° | 5,91.10° | 4,44-10% | 2 08-10°] O
Notes Auxiliary values: — ua) R’ -- l4?~l0‘kg-m-sec—‘5’R)_ = 0,555.

/94

102




According to data of actual size tests of propellers operating /95
in ice, the duration of impact At = 0.02 & 0,06 sec.

Table 11 provides an example of calculation with the help of
formula (108) in which the moment of instantanecous impulse Wi,
was determined for the ice-breaker "Moskva" in respect to the
propeller axis during impact of the propeller blade edge against
the ice.

This calculation was performed for the case when the ship is
moving forward and the propeller is rotating also for the forward
motion of the ship (VOx <030, < 0).

Section 12. Method of Approximate Determination of the
Frequency of Natural Bending Vibrations of
Propeller Blades in Air and Vater

In designing structures subjected to the action of periodical
forces, it is necessary to calculate frequencies of natural vibra-
tions in order to prevent the possibility of their coinciding with
frequencies of exciting forces. As is known, in such a case, a
resonance phenomenon takes place and as a result even low exciting
forces may cause considerable variable stresses in a vibrating
structure and cause failure within a relatively short time.

Let us discuss natural vibrations of a propeller blade taking
place in a plane of minirum rigidity which is perpendicular to the
chords of cross sections of a blade unfolded on the plane., Let us
consider a blade as a cantilever beam with a variable cross section
which 1s rigidly fastened at its end section,

Under such conditions, the equation of bending vibrations of the
blade may be derived from the differential equation of the elastic
line of the beam

L‘l LY. M), (111)
where EI ~ is rigidity of the beam in bending;
M (x) - bending moment in any cross section of the beam,

If it 1is tsken into consideration that in the case of natural
vibrations it may be assumed that the blade is subjected to the
action of inertia forces with an intensity of

q. EMO)¥S dy (112)
dx? g Jan’
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where ¢ - specific gravity of blade material;
g - acceleration of gravity;

S - cross sectional area of the blade, which varies along
its length.

By substituting (112) into (111), we oblain the nceded
differentisl equation:

Ky R AN
dx? (El dx® ) e e (113)

However, to this equation should be added boundary and initial
conditions. Since in future only those characteristics of vibra-
tions will be of interest which do not depend on the initial action,
the initial conditions will not be taken into consideration in this
solution,

Boundary conditions with the consideration that the blade is
replaced by a cantilever rod may be represented as:

with 0, y=0, -2L=0;

with x--1, EI%Y .o, :L(Elfz)zo'
dx® dy

where 1 - length of the blade.

Using the Fourier method for solving the formulated problem,
when deflection y is sought in the form y=f(x) $(t), indicates that
the motion being studied is a harmonic oscillation with a cyclic
frequency p, which is determined by the expression

f El “‘fﬂ:_))’ dx (11k)
PP~ 1

2 U
¥ | st oa

Formula (11L) makes it possible to find cyclic frequency if,
with given functions I=I(x) and S=S(x), the law of distribution of
blade deflections along its length (shape of vibrations f(x)) is
known. It can be assumed that the shape of vibrations of a blade
with a variable cross section is approximately the same as the
shape of vibrations of a cantilever rod, for which it is accepte
that: '

[(sy  Asinkyf Beosky -Cshikx |-Dehikx; (115)

1oy
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Constants A, B, C, and D are calculated from the boundary condi-
tions for each root kil of the characteristic cquation,

[ Change of areas and moment of inertia of cross secticns of the
blade along ils length is determined by the follouing dependences:

i [ NRY) I(,(I - mu--'; : m.s‘.in--:flr )_ (116)

t S &{1»—m,; -/h;n»iﬁ); (117)

where Doy Ny Moy and m, - n.nerical coefficients which can be
found by formulae

fa-- (IR
m, SR WL (L e o S TR
) lo m i ( 1

in which So’ 51/2, S Io, I1/2, I, - areas and moments of inertia of

unfolded cylindrical cross sections of the blade at a radius r. (root
cross section), at a radius corresponding to half of the blade length

r1/2 and at a radius r1-R.
By substituting expressions (115), (116), end (117) into (11k) /97
for any tone of frequencies of blade vibrations, we obtain
by S By T e il (118)
f 2a ( I ) ] pSo l T'M";\“a";."..'.‘»;"

where c*bi = kil - parameters of the blade (cantilever beam) of a
constant cross section with the area S and
moment of inertia I,, which are determined by
the equation of frequencies cos kilchi - -1,

The equation of frequencies has the following roots:
k! kal kyl rd Ryt kol
1,875 4,691 7,855 10,996 14,137 17,279

The factor in formula (118)
S T b s B -
V Loz oy

1 — ngvio = myy,

is a correcting coefficient which makes it passible to calculate
vibration frequencies of the blade, which gets thinner toward the
end, by the expression

,1 o f.l/l\:l

Here fi is the frequency of the i-th tone of the blade of
lengih 1, and of the constant straightened cylindrical cro:.
section, the area of which is S, and the moment of inertia is I,.

105 .

— I »




Constants B, , Byis Vi and Yi1 for various shapes of vibrations

of the blade are given in Table 12,

Table 12. Table of Auxiliery Ccefficients

i Rig Vio i a

| 0,143 0,807 0,493 (USR]

2 0,400 0,994 0,703 0,708

3 0,408 0,592 0,661 0,

4 0,483 0,017 0,619 0,34 1

i) 0,190 0.510 0.615 0043 :

6 0,493 0.507 0,642 0,012 !
1

Designers are interested first of all in the first harmonics of
natural tending vibrations or in the fundamental tone when, in the
process of vibralions, the nodal line is positioned in the area of
blade fastening in the hub wnile the antinode is formed at its tip.
The minimum valuc of frequency which is determined by formula (118)
and thc smallest value of the root of the equation of frequencies
Lo = 1.875 correspond to the fundamental tone,

In such a case, for the vibration frequency of fundamental tone

T = (R ey /1o i (119)
{ pSs " 1~ 0,607ng = 0,493[ny|

Values which are denoted by letters are determined by the
geometrical characteristics of the blade and by the properties
of the material of which the propeller is manufactured.

As an example, below is discussed calculation of the
frequency of fundemental tone of blade vibration of a solid cast
propeller,

Initial data for calculation

Propeller diameter D, m 5.2

Average pitch of propeller H, m 5.12

Area of unfolded blade A, m° 13.8

Number of blades 2 5

Blade material alcunic (aluminum-

nickel bronze)

Modulus of elasticity E, kg/cm 1.09.100
Density of propeller material Y,kg/cm3  0,0075
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veomeuvrical characteristics of the blade cross sections are ]
determined by the drawing of the proveller and calculation accord- i
ing to the method discussed in Section 3.

Geometrical Charscteristics of Cross Sections of the Blsade

Blade Cross Section 15, cm S, A 1, emlt
1 * e s . . . e o o . . 3302 1,260 23,32-‘7
2 e s e s e s s e e 59.8 1,221 16,0890
3 i e e e s e e e e . 863 1,009 9,975
P s - 809 L,793
5 e o o ¢ o ¢ & e o & o 139‘).! 598 2,05'/
6 0 e e b e e . 166.0 360 581
T e e o o o o o 192.5 198 140
Root ¢« ¢ ¢ ¢ ¢ ¢ ¢ s o & 0 1,260 31,000
Average e o o o 6 o o o 109-5 8)-‘0 S,SOO
Tip of the blade . + . . 219.0 100 0

Using data in Table 2 (Section 3), n,, ny, my, m are calculated
and then, using formula (119), the frequency of fundamental tone
vibration of the blade is calculated which will be 29.6 cycles.

It should be noted that the actual value of the frequency of
natural vibrations of the blade measured under service conditions
is 30.2 ¢, As scen from the above example, the deviation of
calculated frequency from the experimental value does not exceed 2%.

Strictly sveaking the formulae presented above are true only
when the propeller is in a vacuum. In a medium having a certain
density some volumes of the medium adjacent to the vibrating
object will be involved in the vibration process and in this way,
as it were, increase the mass of vibrating body.

Experiments demonstrated that frequencies of blade vibration
in air and water differ considerably. Figure L2 illustrates
oscillograms of attenuated natural vibrations of the blade of a /100
model of a propeller in air and in water. The oscillograms show
that water decreases by half the frequencies of natural vibrations
as compared with the frequency in air,., Therefore, the vibration
frequency for transport ship propellers is assumed to be
approximately half of that in air. This ratio well coincides
with results obtained by Ya., F, Shirila, who studied dynamic
stresses in propeller blades of the ship "Pekari" (35) under
actual operating conditions.
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Fig. L2.
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Oscillograms of attenuated natural vibrations of

the blade of a model of a propeller

1, in air; f = 578c; 2. in water; f = 288c.

It is advisable to determine frequencies of natural vibrations

for all large size propellers (with diameter above 4-5 m).

This is

explained by the fact that natural vibrations of such propellers in

water are relatively low, and in the case of high-speed engines, the
appearance of resonance vibrations is possible,
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CHAPTER II1. EXriRIMENTAL STUDY OF THE STATE
OF STRESS IN PROPSLLER BLADES

Because anelytic calculation of stresses in propeller blades is
difficult due Lo their complex geometry and distribution of hydro-
dynamic forces, ccnsiderable attention is devoled at present to
experimental studies of the state of stress in propeller blades,
These studies make it possible to oblain data on the effect of
individual geomctric charactcristics of marine propellers (disk
ratio, pitch ratio, curvature of cross sections, elc.) on the
magnitude of emerging stresses and to determine ihe areas with
maxirmal stresses. The experimental method is also the most
effective method for studies of the local strength of ship
propellers, particularly those having wide blades. 1n addition,
the results of experimental studies serve as a criterion for
evaluating the correctness of several methods of approximate
strength calculation,.

It is obvious that the most reliable data on the state of
stress in propcller blades may be obtained only by full scale
experiments. However, such experiments are very laborious and
complex in nature, Therefore, it is more rational to bring into
asccord measurcments of actual propellers with measured stresses
in models of propellers. Such stresses, confirmed by data
obtained under actual operating conditions may be considered to
be fully acceptable not only for making more accurate the existing
approximate calculation methods, but also for development of new
and more perfect calculation methods,

Section 13, Information from the Similarity Theory and
Studies of the State of Stress in Fropeller
Blades Using Models of Propellers

Studies of the state of stress in propeller models with the
purpose of using the results for actual operating propellers
should be carried out in agreement with the law of physical
similitude,

In a general case of similarity conditions, the modeling of
the elastic-dynamic state of stress in propeller blades is reduced
to maintaining ihe geometric similarity of the model and actual
object as well as the similarity (f deformations and principal
stresses along three main axes., Naturally, in the case of testing
models of propellers, the condition of hydrodynamic similarity of
the model and actual object also have to be maintained. The scale
of deformations #nd stresses should not depend on direcctions and
the scale of normal stresses should be equal to the scale of
tangential stresses, i.e., the following relations should be
maintained:
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where & - relative deformation;

9

normal stresses;

-
Y

tangential stresses;
E - modulus of elasticity of material;
i=1,2,3 - index of principal directions of deformation. and stresses,

Valucs with the "m" index correspond to the model and those
with the "n" index concern the actual object.

Simultzneous similarity of deformations and stresses in a
three-rimensional state of stress is possible only with equality
of Poisson's ratio and moduli of elasticity (u and E) of materials
of a model and of actual object.

In the case of using isotropic materials for relative deformation
of the model and the actual object in one of the principal directions
in accordance with Hooke's law, it is possible to obtain

gl\i = _LL' lG’u'““u(“Zu'*"Uau)h (120)
€= ’2.!"' Iolu_‘ a (azu -I- Uau)lv
from these equations
i [ gy (S g T |
s T [l ! ( Oym F LI )] - (121)

Ean Tin [ Oqu Oin o }
S 1y _ Fau |, an
E, [ Hu (OIN 1 Oyn )J !

With strict similarity of the ratios of stresses should be

equal, ioeo 3 Mo O T _"_J»_«__..b /102
[T o 'O O T
consequently
T 1. 4- b
r':l J{}tl—‘—i,j, (@4 )I -1 (122)
Fin 1;'._'" 11— pula &)

The middle part of this equation may be equal to one only in
the case when:

oy 0y O g —b nan e My
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The first casc corresponds Lo uniaxial state of stress with the
principal stress 6j. The second case 1s equivalent to the condition
that 05 = -6_3 in deformation of pure slip caused by twisting the rod
in respect to axis 1. Hence, the full similarity of the three-
dimensional state of stress with simultancous similarity of relative
deformations is possible only with my = .

Similar conclusions should be reached as a result of analyses
of two other principal deforinations €, and &3,

Let us discuss simulation of the state of stress of a completely
submerped propeller without presence of cavitation and assuming that
the cffect of the propeller's weipht mzy be disrepgarded. The system
of pararmeters which characterize the geometrical, elastic-dynanmic,
and hydrodynamic similarity of an actual propeller and its model
includes the following parameters:

D - typical linear dimension of propeller (diameter);
E - modulus of elasticity of material;
M- Poisson's ratio;

v~ velocity of incident flow;

n - propeller rpm;

¥ -~ coefficient of kinematic viscosity of liquid;

e - specific gravity of propeller material;
Pe - density of surrounding medium.

Out of the above eight parameters, of which only three have
independent dimensions, it is possible to compose five dimensionless
parameters or criteria of similarity, the numerical values of which
in similar systems or phenomena should be the same:

B 1L R TR G U 1)

[ N
B F ' " v

The last of the mentioned critcria of similarity is the Reynolds
number. Since hydrodynamic studies of propeller models usually are
carried out at high Reynolds numbers, which exceed certain critical
values, it may be assumed that the phenomena of hydrodynamic charace- /103
ter take place naturally, and it is therefore possible to exclude
the Reynolds number from among the necessary criteria of similarity
indicated above,
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Maintaining equality of the four remaining criteria for the
model and an actual object is compulsory in realization of full
similarity oi their elastic~dynamics state of stress.

The necessity of maintaining equality of the Poisson's ratio of
the material of both the actual propeller and its model presents
certain requirements in selecting material for the model. In smost
cases for studying state of stress models are made of thic same
material as the propellers themselves (brass, bronze). However,
even in such a case, it is quite difficult Lo oblain similary of
state of stress in a large size propeller and in its small model
under laboratory conditions. Indeed, if PM " PH’ EM = EH’ and the
model is tested in water (PC M=
equality of the third and the fourth of the above listed criteria
for a model and an actual object it follows that

£c.p)» then from conditions of

II“D"‘ II"D" MO0,

i.e., velocities of flow under actval conditions and in the testing
model should be the same and the ratio of angular velocities of the
actual object and the moudel should be constant and equal to the
linear scale.

Technical resources of regular laboratory equipment used for
testing propeller models cannot provide eguality of flow velocities
for the model and the actual object. Velocities at which models are
tested are usually lower than those in actual operation. As a result,
relative deformations of blades and stresses emerging in them are also
lower in simulation testing as compared with actusl operating condi-
tions. Therefore, tests of propeller models show that the model is,
as it were, stronger than the actual propeller,

Because of these circumstances, special recuirements are
presented for measuring equipment used in testing nodels, since
this equipment must provide for measuring extremely small relative
deformations and low stresses.

The most expedient method of studying state of stress in
propellers by means of testing models is measuring the relative
deformation of blades with the help of strain gages. This method
makes it possible to assume that the state of stress in a propeller
blade is two-dimensional and that for the full characteristic of
this state of stress it is necessary to determine principal deforma-
tions and the angle formed by the direction of one of them and one
of the axes selected arbitrarily, Practically this task is reduced
to measuring deformation in some three directions and a subsequent
calculation of principal deforinations and also their directions for
all points at which strain gage sockets are located.
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Measuring deformations of proneller blade model surfaces most
often is performed with the help of wire strain pages forming
rectungular sockets. A diagram of their distribution on the blade
surface is shown in Fipure Li3. The total number of sockets on one
model of a propeller reaches twenty, while the total of adhesively
bonded strain gages reaches sixty. Aftler bonding of strain gages,
the areas of the blade suvrface occupied by strain pages and branch-
ing off conductors are conted with moisture protecting compound.

12 02 I E2sy
T ey

Fig. 43. Diagram of location of strain gage sockets on
the surface of a propeller blade model

It should be noted that experiments in measuring deformations
of propeller blades require development of high-quality current
collectors which make it possible to transmit eleciric signals
from sockets rotating together with the propeller to amplifying
and recording devices,

As an example, Figure Ll illusirates oscillograms of relative
deformations fixed at a certain point. of a model propeller blade
surfere during operation in a vniform or inclined flow. Usually
propellers of high-speed ships, such as gliding boats, hydrofoils,
and others, operate in an inclined flow. In operation of a
propeller in an inclined flow, deformations of its blades have
two components on the oscillogram; a constant one and a clearly
expressed variable component superposed on it (varying with
frequency which is equal to revolutions of the propeller per unit
of time)., Oscillograms in Figure LL show deformations in the
course of change in propeller operation from the nominal regime
to the full stop.

After deformations for the number of blade points reasured in
- three directions are known, it is possible to determine the direc~
tions and amount of principal deformations in these points using
rectangular strain gage sockets,

¥y o L o 4 ":‘ llr(-“'o “'4r.-);i'—("4s""rw‘)?2 (123)
] Lr 5 ————

. g, — :
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Fig. bh. Oscillogram of stresses emerging in a propeller
blade during operation in a uniform (1) or
inclined (2) flow

The principal stresses and their directions can be found from
principal deformations with the help of Hooke's law for the two-
dimensional state of stress
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As an example, in Figure LS is shown the distribution of
maximum principal stresses along the intake side of a propeller
blade in cross sections located at relative radii of 0.33 and 0.6.
This diagrsm of stress distribution was obtained experimentally by
means of tests in a cavitation tunnel.
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Fig. L5. Distribution of maximum principal stresses at the
intake side gf the blude of a propeller model
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obtained in festing in a cavitation tunnel

Of particular interest are experimental studies of the state of
stress of propeller models at which the external load of the blade
is assigned by some schematized form of its distribution, such as
pressure uniforrly distributcd on the uvlade surface or varying
linearly along the radial and tangentiasl directions.

A unit for simulation of uniformly distributed loads on the
blade surface is shown in Figure L6; loads are created at the expense
of excess pressure in a special rubber chamber which is located under
the blade being tested within a hollow cylinder. In the course of
experiment, stresscs and elastic displacements (deflections) are
recorded at certain point:; of the blade.
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Fig. LU6. Experimental unit for creating uniformly
distributcd load on a propeller blade
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Fige 47. Experimental unit for static application of
load on a blade according to a given law
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Fig. U8, Distribution of principal stresses in a root cross
section of a propeller blade with various character
of external forces application

I - load uniformly distributed along the chord of
cross section; II - load varying according to a
linear law; I1I - load higher in intensity uniformly
distributed along half of ine chord length

In the figure are shown strzin gage sockets for measuring /108
relative deformations and dial indicators that show deflections.

The overall view of the unit for creating variable loads on
blades which vary in both radial and tangential directions according
to a prescribed law is presented in Figure L7. External forces are
imitated by discrete loads which are applied to a sufficiently large
number of cross sections close to each other. Stepped change of
load obtlained in this way may with sufficient accuracy be considered
as continuous load change.

Figure 48 illustrates the distribution of principal stresses in
a root section of the blade measured with the help of the above unit.
In the course of experiment, the law of distribution of applied
external forces was varied. In the same figure, diagrams of external
forces application are included. The resultant of the external
forces remains in all cases constent and the difference consisted
only in the magnitude of torsional moments which cause mainly |
tangential stresses. As seen from these force diagrams, the ‘
difference between the uniform external load and that varying
according to linear law does not lead to a considerable change
in the distribution of normal stresses in a cross section of the
blade under consideration, This and the other results of the
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experiment confirm the hypothesis that in spproximate methods of
propeller strength evaluation it can be considercd that the
external load on the blade is uniformly distributed alsng the
complete length of thc chord of the blade,

Figure 49 1llustrates a greph of chanpes in principal stresses
at intake and forcing cides of the blade root cross secticn. There
1s also a curve of sircuses ploticd as a resnlt of calculation by a
method discussed in Section L, wiicre the blade is considered to bLe
a cantilever beam, Satlsfactory agreement of results of calcula-
tion and expcriment by maximum strcsses is a basis for considering
that it is rightful to use approximate methods ror practical
strength calculations of ship propcllers.

Experirental studies of propeller models make it possible to
expose the weakest points of calculation methods being used. For
example, experimental data show that cross scctions of the blade
have distorted neutral axes which probably approach the form of
median lines of cross sections (sce Fig. 49).

~Jo5

~ag0p

1
~50r -

Fig. 49. Distribution of principal stresses at intake and
forcing sides of the root cross section of the
blade. I - experiment; II - calculation.

Although the supposition that the neutral axis of cross sections
is a siraight line does not affect noticeably the magnitude of maximum
stresses, utilization of this supposition in developing calculation
methods for evaluating the local strength of a blade near its edges
might lead to considerable errors.
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Section 1. Fuli-Scale Tests of Propeller Blades With the
FYurpose of Deiermining the State ol LLress
in Unoin

e

Measuring stresces in the propeller blade of a full-scale
object is an extrciwly complex problem from the point of view
or technical) realizatlion of the experiment., One of the pain
problems is to provide reliable hydroinsulation of the stress
pickups (deformations). As in the case of experiments with
models, usually wire or semicomductor strain gage transducers
are used in the form of reclanpuiaer socketls placed on propeller
bledes. They are subjected to Lthe action of hydrodynanmic
pressures and high flow velocilics which contributes Lo the
breakdown of hydroinculation of strain gages and which of'ten
mekes thesce gages useless,

An inhcrent part of technical instrumentation used in experi-
ments is & complicated current collector for transmitiing signals
from the rotating shsft line to recording devices, Current
collectors under ship conditions hiave to be located in arcas with
increased humidity, which oftien require special measures to
provide for their efliciency.

Finally, if the purpose of the cxperirent is to measure not
only static but also dynamic siresses in propeller-blades, a
serious problem energes to eliminate in the {rensmititced signal
distortions caused by vibrations of the main engine and stern
part of the ship.

Beczuse of purely technical difficulties and also bccause of
the relatively high cost of preparations for such tests, only
individual experimenis have been carried out, which provided
sufficiently explicit and reliable results.

Measurcrents of stresses in the propeller blade of a high-
tonnage tanker were carried out by the Scientific Rescarch Cénter
for Ship Building and Marinc Navigation wiih participation of the
Experimental Water Basin in the Ketherlands (Ls).

Under overating conditions, the propeller blade 1is subjected
to the action of hydrodynamic load, load causcd by the aclion of
centrifugal forces and forces of weight, and also to the action
of load caused by the vibration of the blades and propecller as a
whole, The main subject of studies in (L45) was static and dynamic
strcsses of a propeller blade caused by the action of hydrodynamic
forces.
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Tests werc carried out on a tanker with & displacement of /110
l;2,OOO:n3 equipned wilh a stecam turvine power wiit with a capacity
of 10,200 hp, This unit provided for a cruising speed of
15.5 knots at 102 rpm of the ship propeller (four blade, 6.53 m
in diameter). A sketch of this propeller is shown in Fig., 30,
In tho course of cxperiments, stresses were messured in a root
cross section of the blade at a relative radius of 0.25. Ten
: sirain gage sockets were placed caunlly on both intake and
E forcing sides of the blade (Fig.50}.

I °

‘forcing
side side

Fig. 50. Position of strain guge sockets zlong the profile
of the propeller blade.

Each socket consisted of three strain gages positioned as is
shown in Figure L3 and forming the active arms of an electric
Winston bridge. Passive arms of the circu’* are formed by lempera-
ture compensation stirain gfuge pickups adhesevely bonded on a special
disk# in the propeller cone and precision resistances placed on a

#Disk and propeller are made oi the same material.,

sheft-1line within the ship hull, Altogether, thcre were 30 bridges
revolving togeilher with the propeller shaft,
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Table 13.

Magnituuv of Maximum Frincipal Stresses

l’r'/(‘n. )

In the Koot Gross ucelion of a l“)pbllcr blade

{ sngle of blad: Forclnr aarx‘m.e of u.me blrd« - , Inuke bur"‘uo of tha blnde
turn @ durdng 4. . . e [ A, e
?;:;:;i;“"f o _._'j’.‘-ﬁ’ffﬂ t -”n"-ain £k sochots (ace m,.,o) ~ o
¢ryroes ! o | v:j | g‘/_/(__ | A X
0 174 373 433 499 292 el --254 -0 ~-626 121
10 150 593 465 520 303 82 —973 --¥23 — 600 127
20 182 424 182 242 Sl4 83 — 286 -7 - 612 127
30 181 429 qx2 329 313 89 —203 716 -- K00 122
10 180 428 470 ale 307 90 —29% --TH2 ~ 581 121
50 182 42, 462 520 303 al —303 -.707 - 608 103
60 181 422 145 513 297 91 --296 - 706 - OB 120
70 176 404 429 126 280 a5 — 283 - 686 --510 17
80 168 369 307 454 258 gn —268 - oW o 114
90 158 337 371 419 238 2y 251 --5h3 -—406 12
100 150 311 336 390 223 a4 —236 - 517 —3n3 12
110 141 288 a8 355 213 a3 —222 --477 —3 13
120 141 274 234 262 206 a2 —214 -- 455 ~332 14
130 129 269 288 RN 207 gl - 207 — 466 - 324 e
140 129 262 256 354 200 3] —201 — 433 —318 nz
150 139 260 284 302 201 89 —196 — 420 ~ 316 nr
160 14i 265 251 339 208 88 —196 — 432 —333 17
170 146 283 323 387 221 87 —199 —464 —387 8
150 149 502 ST B X 2 & 207 500 —420 120
190 52 313 357 415 238 87 —212 — 3521 — 431 12
200 147 398 34F 405 £36 &9 —210 —~ 005 —30% 123
210 143 28R 310 371 215 2 —192 -5t — 320 2
220 132 25 216 313 192 91 —180 —401 -7 110
230 126 253 241 320 162 91 — 108 - AR 223 120
240 122 217 221 302 174 £4 159 -343 —217 121
250 118 203 204 294 166 37 —149 —327 —201 122
260 1S 191 194 298 161 85 —140 —315 —19 122
270 14 186 194 286 160 81 --141 -—306 —189 122
280 176 178 202 296 163 8! 146 --318 —203 g2
290 118 192 210 501 170 80 —149 --33% —230 121
300 122 . 206 237 323 178 78 —154 - 376 —256 1o
310 130 223 250 335 197 75 —167 - a8l —299 110
320 138 252 278 385 220 75 — 180 —455 —~370 ne
3z¢ 147 278 316 {15 236 76 —196 --522 —-436 1y
340 Ha 305 368 453 258 Vi —214 £ &0} 119
350 167 174 408 489 278 79 —234 S 61 — 380 123
Average value 150 300 335 35 230 &7 --215 - 500 - 400 1214
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principal stresses measured during full-scale tests and depending on
the angular position of the blade 6% during motion of the ship with
full displacement and at 102 rpm of the propeller,

Table 13 provides data on the magnitude and direction of maximum

#Ncasuring 0. angle & is dolC LTOm Lhe top position of the
blade in the direction of propeller rotation,

Based on the test results, the f dlcwing conclusions were
reached:

central parts of the root cross secticn of the blade are
subjected to maximum loads;

directicn of naxinum principsl stress differs little from the
radial directio.; *the second principal stress is perpendicular to
the first one tut is considerably smaller in magnitude;

the cyclic component may reach 80% of the average value of
acting stress depending on the variation of non-uniformity of the
velocity field in the area of the ship propeller; maximal value is
otserved in the zone of maxirum wake while the minimum valuwe is in
the zone of minimun wake,

The average valucs of stresses obtained experimentally were
compared ('ig. 51) with calculated values obtained by the methods of
Taylor, Romsom, and Rosingh. Comparison demonstrates completely
satisfactory sgreement of calculated and experimental data.
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Yig. 51. Comparison cof data obtained in full-scale
experimental test with calculated results.
1 - experiment; 2 - calculation according to
Taylor's method; 3 - calculation according
to Romsom; L ~ calculation according to
Rosingh.
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Of special intercsl are full-scsle tests of ship propellers
carried out by Berlin University in cooperstion with the lHamburg
Shipbuilding Institute and Shipyurd Hovaldswerke (3%) for the
purpose of studying stresses in propeller blades.

The propeller manvfactured of aluminum-nickel bronze possessing
high mechanical properties had ihe following purameters:

Diameter, m o« o« « o« o o o « o U8
Piteh ratio o o ¢« ¢ o ¢ ~ « ¢« 1.055
Disk ratio 4 ¢ ¢ 4o ¢ o ¢ o .« 271
Number of blades « o « o« ¢« ¢ ¢ 5

Tests were carried out on a refrigerator ship "Pekiri" with a
Diesel engine unit with a capacity of 11,400 hp at 142 rp. of the
propeller.

In the course of tesls, deformations and stresses in the
propeller blade during operation of the propeller and also frequencies
of natural vibrations of the blade in air and uatier were determined,

Deformations were measured by strain gages bonded on the blade
along the line of maximum thicknesses in cross sections at 0,28R,
0.U5R, 0.60R, and 0.82K., Wires {rom the strain gage were lead out
to the inside c¢f the ship hull throuzh the hollow propeller shaft
and, with the help of & contact colleclor, were connected with the
anplifier and automatic recorder. Blade deformziions werc measured
at propeller rpm from n=60 to n=137 rpm. Directly before testing /11l
at a full stop of the ship, the zero point of mcasuremcnt wvas
determined. JSince the position of zero points varied, it was not
pocsible to determine gbsolute values of the amount of deformationse.
However, results of measurements mzke it possible to derive a
conception of variaticns of stresses amplitude as a result of
propeller operation,

In Figurc 52 is presented a graph illustrating the dependence
of double amplitudes of normal stresscs 26" in the blade cross sections
located at different distances from the axis of propeller rotation,
on propeller rpm - n, The graph shows that an increase in n causes
a change in slresses magnitude. At 137 rpm the maximum value of
double amplitudes of stiresses in a root section of the blade was
approximately 160 kg/cm?, while this stress variation at the cross
section furthest from the hub was about 115 kg/cmé. As was expected,
the root cross section of the blade was subjecled to maximum
stresses,
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Fig. 52, Dependence of double amplitudes of norinal
stresses in a2 propeller blade on the
rotational speed of the propeller.,

1. I"‘O.28R; 20 I“-"O.IJSR; Bn I‘=’O.68R;
L. r=0,82R,

Frequencies of nztural bend'ng vibrations of propeller blades
wvere neasured during docking of the ship. Vibrations (in air and
with partial submersion of the propeller in water) were induced by
an impact. The natural frequency of the first form of bending
vibrations of the blade in water wus found to be almost half that
of the similar vibralion freguency of the blade in air; more
accurately,
= 0,51 fair
and its value approsaches ithe frequency of the 7th harmonics of
hydrodynamic load. In spite of the fact that the coefficient of
dvnamic amplification in this case is wilhin the range of L-5,
the resoncnce phenomenon is not dangerous here, since the amplitude
of the 7th harmonics of hydrodynemic load during motion of a ship
in calm water is very small. MNMeasurements showed that in rough sea,
amplitudes of hydrodynamic load may increase 3-L fold. Magnitudes
of stresses, calculated for maximvm loads Lo which propeller blades
of the ship "Pekari" might be subjected in ihe course of operation,
are given in Table 1l.

£
water

The blade materizl (aluminum-nickel bronze) possesscs the
following properties: tensile strength g, = 6200 - 6800 kg/cm?
and fatigue 1limit in bending bascd on 109 cycles in sea water

6'1k = 800 kg/cm{. The average permissible stress of a zero

cycle is 650 kg/cm@ while the mapnitude of respective maximum
stress is 1300 kp/cmé, This range of stresscs is lower than that
shown in Table 1, which indicates the possibility of a premature
breakdown of the propeller bladce,
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Table 1L, Stresses (ke/em®) Emerping in Proneller Blades /115
Of dne Ship "pPoravi® burine 1us pxpoiistion

I o V'u:i“nbl‘; _iua_d—

! .
AVETege cpyged by Cauned ty non- '3

Side of ’““’"f‘”'y tens on  unlsornity of e 5
the blade 1083 i vater the Tlow at the 4 5
j l-afzin . propr)ler S3zk @ &2

Total load

Intake — i a4 145 ( 010} 6 -4- qon l (--211)- 414
| Forcing 502 PR T3 - (- 44 1) + 210 I 10~ (247)
i |

Based on the obtainced results (35), it is concluded thot the
blade thickness should be sclected based on consideration of the
fatigue strengih of the blade material,
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CHAPTER 1V. STRENGTH OF ASSEMBLED SHIP PROYILLERS

Propellers with blades which arc not cast as one piece with the
hub but are fastened to the hub by one method or another are of the
type of so-called assembled propellers; to Lhis Lype belong also
propellers with detachable bledes.

Lsscmbled prop2llers with blades fastened Lo the hub by means
of a flange joint mre the mosi vwidely used (I'ig. 53).

ternal Forces in Stvcuﬂfh
! h“t'”L(d 1ronellﬂr\

Section 15. Ucterminine 1
Lﬂlculatlcu

Strength calculation of the blade-hub joint may be performed by
taking into account either operaticnal loads, i.e., external forces
to which proreller blades are subjected during operatlicnal condi-
tions, ox maximal loads.,

Operational loud on the blade is calcuwlaled by formulae given
in Chapter I and I1, depending on the mcthod vsed (static or cyclic
character of ertcrnﬁl forces acting on the blade).

In calculations of the static and cyclic strenpgth of flange
joinis, centrifvgsl forces of inertia and bending nroments caused by
them should also be taken into account. The magnitude of centri-
fugal force is a funclicn of the total mass of the blude inciuding /116
the flange, The method of determining the bending monent which i
acts on the studs as a result of centrifugal forces may be the '
same as thul used {or strength calculations of solid cast ‘
propcllers (sec Section 2). !

Flange jeints of blades with the hub are considercd to be
heavily losded bolt-type joints with a presirain which has a |
considerable effect on the characteristics of the load cycle
to which studs are subjected rey " émln as compared with the
Omax
characteristics of a variable load acting o1 a propeller blade
and decreasing the smplitude of load pulsal’on,

This fact makes it possible to perform calculations of the
cyclic strength of a flange joint principally for single-shaft ships
with grester nonunifovmity of the velocity field in the propeller
disk and a high value of load coefficient in respect to thrust.

Strenpth calculation of flange jointls of propeller blades with
the hub is particularly necessary for ships navigating in ice and
for ice breakers as well as for ships nﬂVIﬂﬂtinb in waters
contaminated with solid objects.
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Fig. 53. Ship proupeller with detacheble blades

In full-scale studies of the character of ship propeller inter-
action with ice carried out by S. V. Yakonovskiy arnd M, N, Nikitin
on the ice breakers "Kapitan Voronin" and "Kapitan Melekhov', it was
deterined that ihe nueber of collisicne of the propeller with ice
is & random nwutor which variec within the range between 3 ard 8 for
one revolution of the propeller. Rominal duration of one impact is
about 0,03 - 0.0§ second ¢nd the stresscs in propeller blades may
reach 1000 kg/cr” which is 10 to 15 fold higher than the strcss
level during opcratiorn in clean veter,

The extremely complex dynamics of the propeller impact have not
yet been sufficicnlly studied and thercfore, in strength calculstions
ol propellers witl detachable blades oi ships for ice navigation,
towloals, and ice bLreakers, various assumptions arc made (12). To
thesc conditionusl calculaticns also belong calculations of studs by
taking into account maxinmwa loads,

Jetermination of the dimensions of svfficlently strong studs
for fastening blades to the hub, taking into account maximal loads,
i5 based on the principle that in designing the structural complex
‘propeller - propeller shaft" there must be maintained a certain /117
arrangerient of mutusl strength of all elements of the structural
complex {disregarding navigation conditions in ice or clear water)

(10), (18).

The weskest link in this complex is the blade., In the case of
a bladc breaking in the plane of minimum rigidity, the fastening
studs and propeller shaft shovld not have plastic deformations, i.e.,
stresses appearing in them should not cxcecd the yield point of the
material,
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force acting in the dircction perpendicular to the plane of minimum
rigidity of the blade but also by o force dirceted unde: an angle
to thils plane. Under certain conditions force vectors causing
brearing of the klade may 2)so coincide with the line perpendicular
to the plane of maximum rigidity, As a ruley the strenpgth of the
blade in the divection of maximum rigldily exceeds the strength of
the jropeller shaft. However, because the total section modulus

of 211 studs of lhe flonpe joint in respect to the axis in the
plane of maxirwn ripgidity of the blade is practically equal to

the totnl section modulus of all studs of the flanpe joint in
respeet to the sxis in the plrone of minimum ripidiiy and in some
cases is even loser than thet, the propeller shaft as a result

dovs not break cdown,

! Breakdown of the blade may be cangsed not only by the impact
%
£

However, vith the extensive fluctvation of hydrodynamic forces
on propeller blodes and also under the action of impact forces,
calcvlation by toeking into account maximum static loads mignt not
provide for sufficient fatipue strength of studs, snd an additional
corresponding verifying calculation will be necessnry (see Section B8).

Section 16, Strength Crlculation of Flanped Joints
of Assemnled Fropellers

Flange joints of blades with the hub of the assembled ship
propeller are concidered to be in the proup of parts joined by
studs, Calculzticon of such joints consists in determining forces
acting on the stud subjected to the highest load and strengtlh
calculetion of this stud,

Wnen a joint of several parts is subjected to the action of
bending moment, the studs are subjected to uvnequ=l loazds. The
magnitude of the design calculation load depends to a large extent
on the following principal premises (8) on which strength calcula-
tions of flange joints of propellers are based,

1, Both pavts -~ flange of the blade and the hub -- pocsess
very high rigidity. Thercfore, it may be asswmed thai there are
no deformations of parts a2t the contact surfaces because of
preliminary tightening of studs, and the turn of ihe supporting
surface of the blade flange as a result of bending moment applica=-
tion will take place in respect to the flange edge or in respect
to the line commecting the outer studs,

E 2. Both parts being joined, or at least one of them, possess
certain pliability (the blade flange has several culouts, the blade
ia medc of nonferrois metal, the area of the supportin; surface on
the hub is small). In such a case, after the momeni is applicd,
one part of the butt joiny will be subjected to additional load
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while ihe load on the cther part will decrease, The turn of the blade
will tzke place in respect to the axis which passcs through the center
of gravity of ibe working part of the contact arca, which is suffi-
cienlly close to the gencral center of gravity or cross sectionul
arcus of 211 studs clamping the blade 1o thie hub,

Tn strengilh calculaticns by maximum stresses, it is considered
that the Yaxis of overturning® passes thirough most remotely lecated
studs. This alvost always bhovypens in reality. In caleulations on

operational loads, the sccond premise is usually used,

It should be taken inte acccount tiatl in the latter case, the
magnitude of maximua (calceulation) load, whiich falls on the most
heavily louzdcd stud, is hicher, since in turning the flenpe in
respect to the zxis passing through the comnon center of pgravity
of crous sections of all studa, the tension forces are received
oniy by some of the studs. This to some exient increases the
rergin of safety of the Joinl as & whole,

The simplesi ard the most widely uscd method of strength calcula-
tions of studs fautening prepeller blad:s under condition of static
action of forces is calculation by maxinum load, which is discussed
in detril in (9).

yased on the motual arrsngement of blades and studs strength,
es a roeoult of cslevlation, the necessary diameter of studs is
detersined for a given number of studs and their positioning on
the blade flange (Fige 5b).

Fig. SL. Schematic diagram of the blade flange and
"overturning" sxis
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It is5 supposed that the blade is "overtuning" in rcespect to
axes X-X aud Y=Y, which pass through the outer studs (sce Fig. 5h),
Moments in respect to these axes M, and K, are componenis of a
moment which causes breaking of the blade  at its root cross section.

wvhere W - scction medulus of the bl
{0 the axis of minimusm r

g coefficicnt from Table 63

Ko,

(12%)

de cross section in respect
ipiditvy;

b - blade width in the rcot cross section;

e - blade thickness in the

Gb - tensile strength of blade material.

S

section;

Caleulation of Stud Diameter (1.3)

Desipgnations

Coordinates of center of gravity of

studs cross sections, cin

Tensile strength of blade material,

kg/cme

Maximum bending moment, kgecm

Components of bending moment, kg/cn

Number of studs

Arbitrary coordinates of center of

gravity of studs, cm

Tension force in the siud, kg
Yield point of stud material, ke/cn?

Cross sectional area of the stud, cm

Stud diameter, cm

o Ao Vel

Yyllys o« oty (Y,

Tpa

M=o bW
My= Msing: My~ Mcosq
n

I SR S BB

n

N N
yrso— el AT
* n
M, M!’.
Q= At
AT
Q
Fm t-
Oun
peo-
a=y/ o
' 0,783

Position of studs on the flanre is shown in Figure Sk,
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Calculation is performed for determining stvd diameter and
dimensions of othier elements of the flange joint of propellers
also for other ships ror agny condilions of pavipgation in ice.
Propeilers subjccted to low lceds and diameters not exceeding
L,0 m do not rcavire any cdditional calculations they reoguire
only verifyirr csleulation in eccordance with reauirements of
the Hegister ol the USSH,

fuother c:denlation mathod for determining the statlic
strength of siuds,; which pveh more precicely takes into account
the real oprrationsl conditions and which in scoe cases 1s uscd
as the serord eoproximation, wes suvggested by FProfessor Vo Ao
Imiteiyev (8), (i%)e As & result, the magnitude of stresses in
the clewents of the flange joint is determined, the dimensionus
ol which werce determined in the first epproximation by the
celeulation bused on the maximum stresses.

Such calecwlation is performed for propellers operating in a
relatively uniform velocity field with negligible fluctuation of
hydrodynamic forces acting on the bledes (two-shaft ships, single-
shaft ship with block coefiicient & = 0.8).

It is essumed that the propeller blade is subjected to the loed
of hydrodynemic {orces Pq and Tq and at the center of gravily to the
load of centrifugal force Pg (Figure $5). These forces are considercd
to bLe constant in their magnitude and direction disregarding the
position of the propeller blade in the flow. Il is also prasumed
that the contact surface remains rlat safter load is epplicd and the
turning of this surface occurs in relation to ihc axis rassing
throveh the center of gravity of the contact suriace sufficiently
closa 1o the geuncral center of gravily of the cross sections of all
studs; at the same time, it is presuimed that the load 1o which each
individunal stuvd is subjected is proportional to the distance betwcen
the stud and the axis of ivrning,

Fig. 55. Forces acting on the propeller blade during
operation of & propeller
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Externul actien on the blade comprises the aclion of the follow-
ing woments and feorces at the flange corizet: monent My, from the
acticr of thrust ferces in XO7Z planey mowent Mp from the action of
tanpontial force in YOZ planc, and the nounent M, frow the action of
hydrodynanice forces in respeet to 02 rxis (see Fip, 55); cenirilugal
fore:: P, which is perpendicuiar to the flange plones and the
transverse forece P'poacting in the planc of contact.

e e e e . P .
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RLOr2 Qevilation boetay
end the 07 exis is disrepa
resulis,

Fotrol Cf eonirifmiel foree ¢ ron
ded osince 1t Little afyeels calewdetion
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The tranaverse force v | P71 dous not affect the strength of
studs wince this force is obuorbed by the conterivg projecticn lucated
on the blede flec:e (see Fige 53). Tt wis deteriined by calcvlstions
that shoaring and crumpling siresscs in the centering projecticn are
very low and it is nol nccescary to perform strenglh caleculations for
this projection,

Fomunt M, created by hydrodynamic forces® is neutrsiized by the

am———_

ihs o resuli o forces ol ices SCC Pl ilie

-

moment of friction forces in ihe contact surface as a resull of
tightening of nuvts fastening ihe blade wnder condition that the
design rnd assembly of the fleuped joini vere properly perforezd,
This rnkes it posiitle to rightfully disvegard considerstion of Mg
in strength caleulation,

Hence, the conlact surface of the joint is subjected to the
action of noments HP and MT ana the cenlrilugal force Pc‘ The ”P
and MT nonents are calculated by the formuwlae:

Ay Piadow Mg T,
where 1 - distence between the point at whieh thrust and tangential

forces arc applicd and the contact surface of the blude
and the Imb (see Fig. 55).

Figure 56 illustrates an arbitrary diagram of the flange in /121
which coordinates of the studs in respect to X-X and Y-Y axes arc
indicated and a scheme of load applicalion is shown.
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Whon & joint with a number of studs is subjected to the
simultancous zetion of various forces sod ronents, a principle of
superiipaning muy Lo used, according to wbi-n the stress in the
n-th stud 3q

Q' 'Q.';‘(\)::, ! Qu
/ ! e (1?())

I y Mi'\xr . .7\1111;

axis of
prepcller

1 v

Ll

TS

i

Fig. 56, Arbitrevy ci-ovam of the blade flonge for strength

caleulaticns aceurliing to Professor Vo Ao IMltriyov's

method
Celculation is periormed in the form of Table 15 and as a resvlt,
the stvd of ithe flange Joint whach is subjecled to a mavimum load is
determined,

<

Table 15, Dateroinaticn of Forcer folinpg on Studs of a Flenrced Joing
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For reliable and long scrvice 1life of the joini, of great
importance is preliminary tightening of the studs fastening: the
blade, which provides for the abscnce of a pgap between contact
svrfaces of the blade and hub,
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This Lightening force Q3, kg - is rocownsended to be (05 -08) o, /.
After caleulating forces, the folluwing valves ere determined:

rigidity of the flenge coclficient (Miz. 57)

r e ‘l“j"»rdd?l.q.
4y 4,

(127)

where E'F" imadulus of elasticity o the flsnre materiad, ku/ch;
d, - diemeter of holes oo the flange for studs, omg

D - diametler of contact suriace of ihe nut, cmj

te:= thicknezs of the {lan;e under Llhe nut, cm;

.

Pr o = arca of contoct surface hetween the nut and e
¢ . v
' flange, on’;

coefficient of flange rigidity (see Fig. 57)

. Fack i"‘["‘l.-;m_
L (128)
vhere d - cizmcter of the stud, i

1, = tep+ C.3d = effcctive lengih of the stud, cmj
E ui - modulus of elasticity of stud material, kg/cng
and also the force of final tightening

Yoo -0 -
Qo Q, q‘%ﬁﬂm. (129)
To gurrantee tiphiness of the joint after operational load is
applied, the final tightening must be above zern, The force of
final tighteuing shovld be seleciwd depending on the operational
load Q} » k{;, where k = 0.5 # 0.6.
AlTter this, the desi
* to the maximum stress is

gn force for the stud vhich is subjected
determined

Q-0 Q4
Design stress in the stud croas section should be
()

o, [' 0,50 v~()_(;71\,.“.
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The force absorbod by the stud gsubjected to the maximum load
mikes it voussihle to cvaluale the strength ol the stud and nut
thivad and the strenglh of the propller hub,

The mozirem force on the first; maximally loaded turn of the
thread is delermined Ly formmla

. i
[ [HR.S ’ '

ke (130)

or
where ky = 3~ is load coefficiunl;

n - nuber of threasd tverns in the yat,

B.i

Tne content surfece of a single thread bLeing calculated Lo
resist erwepling

Fooo adu ew,

where d - pedicn diamcter of the threed, cmj
a - height of the thread, cin,

The uwnit crumpling load of on< turn of the ihread

o, 'Z"“ kg/cm2

The peraissible Learing load to which the thresd is svbjrcted

should not excecd the yicld point of meterial of the nut Cér - 0%
I

]

The rated shearing strength of & single turn of the tluocad is

v .
Topoo kg/cm

p
vhere Fo  ad,s
vhere 4, - is outer dianater of the thread in the nut, omj

1
S - thread pitch.

The mapnitude of the shear stress obtained in this way should
satisfy the inequality
T,

o AdTo

Similar calculations may be performed in cvaluating the strength
in the thread clements of the propeller hub,
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Fige 57. Concorning caleulation of {he flanpe »igidity couificient

In tne czuse of strongly inclined proucller blades, when the
aclion of the bending moment erceted by the centriivg -l force )
cannot be disrcperded, calovliction of the force acting on each
indivicuzl stud is performod Ly the formula

Qp- P, .}”(M |- M )j‘ji“- :U’yl.
n \, . TG
—Xi — ¥

n n

lovrever, as was 1entionad previously; calculation of the static
strength of studs frstening uviropeller blades is not «lways sufficient,
The verifying criculation of vv\]nv strengin of the blude JOlub, vhich
is discussed beleow, ineludes cdeternination of forces to which studs
are subjcected, detersinatlon ol stresses 1o which the most losded
stud is subjected, end detepnination of the necessary salety factor,

If the maximuz and miniuvmn values of the thrust P ) and

1 max(min

the tangential force T ) acting on the propeller blade arc

1 max(inin
knowvn, the value of the rcsuliant of variable# hydrodynamic forces
may be deterinined by the formulas o ﬁ5'55

n 1 1

*®fnons, variable forces may be included inpacts of blades

<

against ihe ice, without affecting the following discussion.

) The direction of the resulisnt force is changing duc to non- /12U
uniformity of the velocity field in respect to some average direction
under an angle of T4
B = arctang = FT

to the axis of propeller rotation (Fig. 58).
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Knowing the distance between the flange rpfrom the axis of
propeller rotation, it ls possible to determine moments crcated by
hydrodynamic forces acting in the plane of flunye conlact by tne
formalac

Meo Polry o 2 PyOTR 1),
Ay, 150, ) 2 THUIR- -y,

Knowinry the weight of the blade togetlher vith the flange G,
cooidinates of the pravity force XG and YG in the XOY coordinate
systew, and the distance of the center of gravity ry frow Lhe axis
of ihe pronzller shaft (propeller), it is possible to enleviate the
mepnitude of centrifupgal force (with norinal rpn of the ypoopedler)

P (f_';' PRI .
Coad u))'“
which creates monients m, = P X, and K, = P Y. in respoet Lo axcs
Cy c’G 5 e G
X and Y passirg through the flenge ceornter, Then, the resuliing
overturning nacat o

My ] M MR (M

while the direction of its vector forms the following angle with the
Y axis (Fig. 59).

My 1 A
Bres - -arel T Ay
Mp, 4 e,
g rotation
e ” / e
;'/ | e :ot
-
et gel
».’1 h"’

Fig. 58. Forces applied to the blade {lange
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Fig. 59. Mesultant overturning momwont

clic lond, the maximuw and mininum /1e%

and ¥ ., ) are tound,
peld min

2 determine the varisble cv

s
©

of Lhe M"overturning! mowment (M

2R |

values

v

pe3 max

The directioa in which this moment is cetling litile depends on
its magnitude. Thurcfore, it ic scsumed that

M ax - M
B Breamas - arcty s Tomxne Al

.
.
4 -1
P, max -”‘”

The threaded sivd joint in the propeller is ascombled with a
prestrain., In order to deterniine thie Torce acting on esch stud
during sciovice of the 1langed joinl within the limites of elastic
deformations, we find tne coelfTicients of stud and flange couple
rigidity visich is cqual Lo the sum of rigidities of beth the stud
and the {lange, i.c.,

Ca - rm‘{‘(.b' (131)
The coefficient of stud rigidity is calculated by formula (128).

When the diamelur of the stud varies along its lenpth 1,
its rigidily cocfficicnt may be found by formula

Cu” I:‘“ \1_’1::1 i A P .i,AI-'“‘ o Tt l 2
| ‘;_[ Fiw w ( Fru Fyun [ -Ik;:;)' ( 3 )

where 1, 0 = length of stud portion with the cross section area Fy, .

In determining the ripgldity coefficient of the flange it is
sssumed that under the action of force in the longitudinal direction
of the stud, a uniform deformation in the cross section propagutes
within "the cone of influence" (see Fig. 57). Then, the coefficicnt
of flange rigidity is calculated with the help of a more accurate
formula Ly (15 it tenf® )

PN SR

R

Ay,

138 .




where D - diameter of contect surface of the nut;
o - anpgle Selveen the sted axis ond the generairix of "the cone

of influvence® (sec M. S7); il 1y be esscaed that ton

\f*' = (.)nia - ()ol);

d - dizncter of holes for ctuds in the flengeg

b= radulus of edesticity of the bl de Loanpee waborial,

With the hedn of ferrmla (0751) we £ind the rigidity ceefficiond

for the elastic covpic stud~-flenge G,
F2%
‘\“r"-"'\"li . "\-‘CA YJ'
’\'14!. ””\- : and ) o e
Mila L4
”" n

The reaction force Qp“ of each elsctic couple (eind-flznpce) is
1l

equzl to ine part oi cperationsl load cauvs:d by the cetion of thid
poriion of resvliant overturning moment crovied by extornmld forces

Mp” which is absortaed Ly ecach individual stnd, Yorce Q”” can bo
[ H "
presented, & cen any other force, in Lhe form of a prouuct of the

totel rigidity of tho clastic couple (CA) ¢lerents by the waount of

v N N < P
deformaticn of partc é, i,e., Q}W = CA C. /126
I

To calculate these deformavions, it is necessury 1o determinc

the dircetion of ihe "everiuriin " cxis of ihe bearing surface of
N {

the blacde flenge which, generelly epcaking, does not coincide with
the X¥ axis and is characterized by the angle ¢, and zlso to

] & )

#Dircelion of ihc X, axis councides with the negative direction
R 1
of the resvltant hpc'

~ a—a—

determine the angle of turn oo, of the beariug surface (Fig. 60 and 61).

k
Omitting detailed discussiens, below is the formvla for caleuwlating
angle o,

.\.: ().'{ IR
h TN (133)
M EITEERYRE

n

Auxiliary calculations with the use of this formula may be
convenlently presented in tabular form (Table 16).
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kngle oy 1s calcvlated by fforawla

., Mo (] 3)1 )

SN

R

Lo 10, Bnbde ver Colewlstions Lith the Vol of Forpala (133)

B s et e a1+ ik s, & st + et -

(1«.‘i see in Fig, 01), o © £ ginen - Y, cen oue).

The swr in the denomivelor of coustion (12h) rsy be clso
celculated conveniently in tabular form (Table 17).

The mininwn and mex inuom valves of ety MY be fownd with the help
of formula (J4) by subciliut.ng respective valves of mowentis

A . l |.\;I.l wies _‘»l.;‘}" : l‘\;rl wax Tt ‘\112}“;

.;.A,\rl'-"‘," U\:“x w1 ‘”i,‘lz.'

Fig. 60. Position of coordinate system /127
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Fig. 61, Concereing calculation of overiurning errle o~
and ewouvnt of deformutions of tihc stud srd
flauge & i

Table 17, Jalle for Cxlevlations With the Yeln of Forratin (13h) /126

T e T e it o
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The portion of working load duc the action of the resultant
monent. of external forces absorbed by each stud

Quar calis Cartinlie

is caleulated for all elastic covples (Table 10),

Table 18, LxlcuLL.1on of the Varintion of Vnr)?b1c Strecs Range

for rach Stugd
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Ater calculalion is completed, a stud subjeceted Lo the action
of lozd with a mavinan fluctuation (in which the gbsolute value of
the diiference Q. e T Qj“ . is prestest) and enothicr stud which
P
is subjected to o srviinmum tcuulon forece are selected,

The cafety footor in respoet to fatipue strengih is determired
only for the stud viti g maxinum load fluctuation.

Fer sluds enbiveted to a wexivam tensile load (sipu " + "), the
salety fuactor jo Cvtermined in reospeet to ihe yield jpoint (6 ).
S0

[+

In the goserbled structure the sivd §s subjected to the action
hl

-

J do epl) i ( \“
vhere Q, -~ force of preliminary tightening;
3
(Q3 - C&V{J -~ foree of residusl tighteningg
Qp - operationsl load,
Teking into zzcount cenlyifugal force, the operalional load
QF‘M nl 'l'(:y

n
mazimun force absorbad by the sted Qupre” Quas,, - n”f'
minimumr lood absorbed by the stud Qo = Qo+ e
nin Mgnn "t n

After thie; {he emplitude of the fluvctuvating component of the
load abrorized by the stud can be detlermined
Qﬂ - 0'5 (Qmﬂx - (\)lllils) B ("' - Q"m‘\x»‘_ (')!‘!nj_n_

(m‘('n - 2
and the average load

Qm 0,6 ((‘)m\\ i Qm‘") .. Q"yn&j_’ ql‘;nln
c,, .

o G 2

Knouing the cross sectionszl area of the stud F\,, we obtain
respective values of stresses:  the amplitude of cyelis siresses

a 3 ’ m
¢ = =~ &nd the average stress 6 = —
a ¥y no by

The safety cocfficient in respect to fatigue strenpth should be
determined only for the threaded portion of the stud, because stress
concentration in this portion is the most dangerous; for this purposc,
the following formula is used |, = o

“or l '
oy { 0,0,

1h2
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wherc °—1k = fatipue 1imit of the stud taking into consideration the

strees concentration in the threadcd part of the stud,

For studs mude of stuinless steel, it may Lo asvumed thot
6 L 3.5 kg/ew?, whics provides for n 725,
In calculsting the safety ceefficient for the stud subjecied to
maxiiwa tensile Jead it is n cv‘\nxy also to take dnto account thet
in sdatiien to tenuile siress, the maxivum value of which

e it ORI T YR TR
.
.

Quax ad? ({\)‘ - .

a Fui 4 Con -} (d, (‘ln.m}

ITEYS

b

there also emerge tongentinl stresses as a resuvlt of tightening 1,

/130
]l i) . .
T = ——= . The ragnitvde of the momernt of tighteming M, is
; 0.2d°
: detcinired by the following c¥pression:

,“

( W)

stress in the stud caused by prelindnary tightening;

l\
where ¢, -

S = thrcud pitch;

v e

dcp inner diancler of thread of the stud;

i

friction coefficient in the ibread (friction between

materials of the nut and the stud, see p. 135 of
originzl text).

Reduced stress is caleunlated by the formula
L ] ("' e .it

and thc SafCtyGPULffiCiGnt in tensicn eccording to the yicld point
will be LU T For paris of thresded joints, the value of n

6|1p
is assumed to be larger than or equal to 1.5 - 2.0,

The depree of preliminary tightenini: should elso be checked
since its loss, duc to crumpling of surface irregularities, may
lead to overload of studs by cyclic forces. The necessary degree
of tighteuing for the stud subjected to maxinmum loads is determined

by the ratio QE max ; at the some time, the preliminary tightening
“3
force should cxcecd the operating load by a factor of 2-3,

The contact pressure on the propeller hub by the contact
surface of ihe nut should also be checket Qi

A . ’
lie
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vhere contact surfaces of the nut and hub (see Fig, 57)
r. tilf-tﬁy

With the yield point of the hub materiel d’ ! the safetly factor

2
-
&
&
P
b

. s¢
in compression n o= === usually n_ > 1.3.
s¢ P sC

A b a4 e i

Reconzeend~tions for veing certein broands of materials for the
clemenis of Flanzed jJoint: are given in Section 21,

ge
rediabitity o0 propelless.  therefove, c]essifivxi;nn gsociclies of
riey countric o oregalate tne strength end size of studs feor feslening
Cotochabvie inaes ond &leo regquire fairillment of certein riles in 1
tic design of fismped Joonis of biaden with the hube  Published /131

rules include calevlation forrudec fer deternining the miniaum 3
primdesible diascter of ths stud or its minimum permissible cross

seclionzl aree, These fermulee werce obilained by razking several 1
assurptions 1 d simpiiiications of c;.*auloh 1 conditions of

flaznped joint. within s p)OPv!lP ctructure, This mekes it

pes=aible Lo simplify finedl erpressicns and make them more convenient

Tor quick verifying calculalions. In deducing thcse for*ﬂWae,

stoidstical material bused on generalizalion of cxpericnce in manu-

freturing end opevation of propellers with detachable blanas was

token into cencidersation, which mede 1t possible Lo avoid rough

miccalculaticrns during evaluetion of stud strensih,

The safoty of shilp navigation dupeirls to o large extent on tihe

> L

In the yules of the USER Register of 1971, the formuls for
determining the minimum permissible diawmcler of studs fastening
blades to the hub is of the following form:

;-

4 -acy o g (135)

Aoy

where e - blade thicknegs# in the root cross section, mm;

¥in the rates ol the negister the blade thickness is dcnoted
by “t",

b - width of the blade in the same cross scction, mj

d, = dianeter of the circle on which the studs are located, m;
for othcr positions of studs d = 0.85 1, where 1 - distance
(m) between the most remote studs (Fig. 62);

vl

6, = tensile strength of blade material, e/

1Ll




. . . - ?
6 - tensile strenpgih of stuwds material, kg/rn®;

a - cocfficirnt the value of wiich is 0.2h, 0.30, or 0,28,
acypending ¢n the nember of 5tuﬁs in the flage (3, b,
il 5, respoctively) on the foreing side of the blade,

Fig. 62, Distence betucen nest rorotle stods

In ord.r 1o ectabiish the level of requir
of studs calﬁulsfvu b;'%h@ riules of lhe USHR L
Percaa of &6 ippid o Llopd, &na the Jspern
St g ;.eubl }\J:.l" the dica

ety Nipporn :
nos o than hu vericus dendgns ol preyellors.

2 strength
erican
lessilicesntieon
o deversineg for

For comporisen of reoults, the averspe aviitaasilce values vere
fovrnd for the ratio of stud o?zmetLr found by rorrective fermlae
of torcirn c"';A:“,ui*un societies to the dizucler found by formulae
of Llhe USSR repister:

Registel‘USSR..'.....c...... loo

trerican PBureau of Shipping 0.95

German 1)10:]'(1 ¢ e 0 & o o 8 ® o o & & 0 o @ 0.50

I‘-".‘i.ppon }\ﬂif’,i ¢ 6 4 o 6 4 o 0 o s o s s o o 0097

A comparisen of thease data shous that the difference in values
is within 105, The rules of Norwepgian Veritas eud Rritish Lloyd do
not contain formulac for calculating stud diametors,
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Section 17, Some Necien and nswu neinring )

s at e n e gt s e s

Lhods Prov|chd
1‘()“ tric .\L)\I’L('L,Il ().x

jnxo Proweil

e i

Selection of dimensicus and design of the elements of propellers
s busLJ ¢n novee ond recomrendations conpiled Ly the shiphuilding
rhteiry whics poote 1t peesiblic to avoid rouph miscalevlations and
provid s for a relisble perfermance of ship propeldlors,

i
i

it an oa firvot approxiwation the di ate“ of ¢tuls

_»

or KT fastuniph detzsciable blades, on anprodinatio
for Ly He Ne Mikitin noy Lo uged

e "'?‘*'} 3 (136)

where n o= nuber of studs on the fore: side of the blade; the
olner doclenstione ere tne smae as those used in

Formateo (135).

In respcet i desien, the studs ruy be brokea down into threc
rein typea (Fige 03),

{ Vi /i
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63. Frincipal types of studs (T, II, 111) used
for fastening detachable biades

The firsl type of studs is the least perfect, since when it is /133
@1 in as Ceep as possible into the deadend hole in the huby the

stud s stoppad by the ran off the threcd wiere the thread is

incouplete or cruwapling of the thread or slight tears are prescnt,

which are extennive stress concentrators. In addition, the body of

the stud has a sherp transition from the threwuded to eylindrical

part which causes non-uniformity of the stote of siress and

aggravates stress concentration,

1L6
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The vtuds of the sccond Lype with a shonlder arce nere perfect,
The shoulavr or callar crealos normil condilions ol performance of
individisd threads and 1o supponcd bo provert lors of ihe stuo in
ase ol Jte loorondn,, o Howevey, Lhe collar doos ot preveat

loosendng of the syud since belvoen the upper ob wlider of the
coller and tue Leaving surface of the flungo tiere is aluays a ;
Cap of Gol = Cub e 1
;
Wnen the 1t of the stvd din the blind Lne ctresn '
in the stod duridng Lhe prociss of Gusoandy o te i 3
Liviil vy sevel oy o CL2 of Lh ot tothae Govis jnabosotet.
Under tne action of tipghteriis Yoree wil cosvelionnd load on
the stud, fts upper threads ere sebjecled to the adliitions] Jond,
which Jor ihe shuds of Lhe Jirst oo tvpes michd yecot U odn over- E
loading off the upyor wnreads, erparane of plastic oo ations
ard locslliost finciy e (O a).
Stods of he 1hird type
.
3

they buve re
lenagtn ent i
touch the Lo

v
! i
I DO
|

e —
N~

oy oy

Fige €, Dirorom of lood distribiulion on thie threed of
ifferent types o slads:  a ~ siuvag of {yjces

d
Tend Il, b~ stuwds of trpe 111,
1

« force abgorbed by the throad doring ase

of the glud in the huby 2, telel force oscling on
the thyend durdng cperation of the shiy propailer.,

In this ciae, the lead is distribated botucen individusd threads mnch
b2

more uniyoeraly (Fige Chy, b)), since during installation of the stud /13
the thresds at the lower end of the siud will be subjectoed Lo hipher
! t

loads, while under the aclion of op-rational force the upper threeods
| ’

will be subjected to hijher Joade Under conditions of {he general
state of stress in flanped Joints of o propeller, the loosening of
: onc stud, as a ruie, will cause overloading of other studs and rapid

7
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1 Jore of the wiole blade repardless of whether o collar
dod on the ctud or nol,  Thereflore, in selecling the cesipn of
Lo Jdercats of o flan;ged inizt in shiv propllers, s measures should

be Lot to prives boine prssibilily of cven ¢lipht Qoosening of siwds
and apyosrante of drnsuic ﬁL?CuSUh-

—a

s to ealntaln Lfor 2l three typos of stede the
ips of diiwnsiors, which provice for tne slrength
Led the rot and alss for sufficiont strengih of

I‘O]J(l‘.‘i.;” RS
ol ths i tho hub
tho k'w;u SULER AT

1 Jength of An thecedad poart of the stud vhliel: 1 serowed
inte {he bul shovho te no less than 1,243

: vhreaded part of the siud for lhe nut
the Liempe wider the not should be no less than 1.0d,
Fw ]C strength of the flanced joint; the
studa J P Lichtly dn the throaded Lo]ca in Lbﬂ uvb,
olher: onn o? ariah1r Leed, mutenl sl tho
placs miduzl thrs vhich will lead to & 2 LC
frictic cune dn ihe tnzind and 1o sclf ICOEcniu;

jee conditions, during impect of
sont, which tries to turn the blude
3;y reach @ nzenitvde compareble wish

s
Y

bladen ¢
in ro=penit o
Lot ol LA ;zo anl excesd the moment of friction feorces
batvoo: the bJa. f zuge end tre beering surface of the hub (32),.
In thi cxbs, the swudn in the sosenblad propeller are abrorbing
sheay i« forces, vihich agrravales the tendency of the sluds to sclf
loonening. I stvds ere looes:ined, the load becomes of a dynanmic
character ard the joint vill breah dowvn.

Fron the exporicence of peneral machince building, it is knoun
that the strength of the stwls or bolts which fastcen bledes moy be
enhanced under the setion of variable loads by roller burnishing of
studs, Lolts, and their thread,

Viith the proper rates ¢ and by using even the sinplest technalogy,
the fetioue strencih of stud matericl may be increascd by approximately
30/ as conparcd vith that befere roller burnishing,

Eowever, it should be noted that this mamufecturing process until
now has no!{ been wwed for assecibled propellers with o constant piteh,

L8
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The design of {lanpes of detachable propeller blades has a
considorabile effect on the propeller strenpgth,  Beosring surfaces
of the Llosde flan;c and the b ciert conslderable pressure spfuinst
each othlivr doring tightening of nuts. Jlun erder Lo exclude the /135
possibility of Jooscaing after prelimincry tightening of the joini,
vhieh iy bLe cauged by plastie dururmaticrﬂ o' surfuce irreguleritics,
the conteed of beovingg surfaccs runst be tisht, Therefore contnet
surfoces: should be seroped with & nomber of syols, no loes thsn two
on an arca of 2.5 X 2.5 cnl.

There dis capericnce in mochining the contact surfaces of Vblude
flanges (nd propedlor imbs of the atemic ice brogker "Lenin® (witiout
munual Tinishing) with a very hiph sorface finish of cluss 7 (¢ 7)
snd simeltancovs duspeetion of surfuce flotiicss with o ieolerence of
0.03 ra dueviation froa flatnces in direction of coucaviiy on ih
length of ene meter, However, hecguse of the complexity of inspee-
tien, this method did not reccive wide use,

Futs for fastening propeller blades are alwuys made in the fom
£ a screv cap in order to prolect the serew joint frow wuter,
Controllcd tightenuing of nuts is especielly dmportant for cnhancing
the stre:gih of blads joints in «Jurmbled propellers. Anclysis of
the ceunce of preopelier breckdowne showed thal the main czuses of
stud feilure vere incuf{f{icient, cxcessive or, which in particularly
dangerous, non-unifewmn tightening of nutse. The degree of tightness
is cont: cllvi by the wrench toraque or by the angle of nnt turn,
To detcrmine the torsional mcment on the wrench, & known
formula ry be uscd:
M, ~Qntrluwriv'-~-iQ Dh"ﬂ“‘ kgem (137)

b
I/ diy

where Q3 - force of preliminary tightening, kg;

d - mecan thread diameter, mm;
cp

Y - angle of lead of thresd helix, degrees;

thy S

adyg

wherc S - thread pitch, mn;

p: arcly - /
cos

.~ = reduced friction angle, degrces;

f" friction coecfficient in the thread;

& = angle of thread, degrecs;
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I ~ coefficient of frictiom betwecen face of the nut and
the blade;

D - outer di: o ter of contizcet surface of the mai, ma,

Ay

Vildnes of friciicon cocfficiont are vithin the ranre of

' e 017 & Cul3 snd £ o 0,05 & UJ8 but wich the vee of [

dl;u11\]}}ytifnnﬂ Jubrlennts ceoyinoe Lo U.0h,
1
For aonprostivsice celovlation of the terstfonsl noront on the ]

Wrericli wine Porcala wry be oused (01):
M 0015 C o ) 20 4

wr QUIN - k{' ©jf (]3’3)
HA ’

vhere e - blzae thickocess in the root crons seclion, cmg AR 3

)

b ~ blade width in the same cross section, m;

dLu“ dismeter of Lhe clirele on vhich centoers of studs are
located, cny with the otler lecelions of sluds d gy = 005 1, :

vhere 1« distance betlvecnh most renoele sluds;

\

n - nwiber of studs on the forcing side of the blade;

O

d, ~ cuter dloercter of the siud thiverd; cmg
3 >

db " tencsile strenpth of the blade material, )'g)/r'u.
)

Since nuts are vouslly made of moterial vwith lover tensile
strength s corprnred vith material used for ginds, it is vecommended
to perfor:. a verirying strenpth coleulation of the nut thread in
shear (6); it is necossary thot the fellowing expression should hold

P

LI R (139)

dli;

vhere kll v 2 = cocfficient of lozd for heavy thread vith a number
of threzds alueng the nut height n ¥0;

kH = 3 «~ for fine thread with a nurber of threads along the
nut height n =103

d1 - outcr digmeter of ithe stud thrcad, mn;

Hi = heipht of the thresded part of the nut, mn;

3
5., - Yicld poini of the stud material, kgfna;
(Cc )-O.L(:o'b - permissible shearing stress for the materinl of
P the nut, kg/mm?,
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Plustic propelices ray be drsigned ¢o s0lid or asscsbled,

ol propellers comprises coleulation
Clor wolid oy o;:l]ern) cud ocelewdoiien of poencral

sLovnpth of the blade Jeiat with b dmb (for

“f*a’f nocaloewtotien of su
O‘[ I)J« [ L‘

izc s calevdstion of plrotic blades o perforsnd in the
e vors g deone for metrl blodos d(LU.U'h| to the woihods
du‘,(,)“*-'\ in Chapioy e Howover, properides of plastics nve
differenl Srom those of metals owl desipa ol plestic propellers
d

d

iflers u sene ferlvres from that of retel propellers and
iffers in girenglh cslevleticns e=s vell,

In rospect to slveapgth properiics, pleslics differ {rom metals
in the follovwing:

vider verdeticn of rechanicdd properiics vhich depend
extersivey on thelir ronefaciueing teehmelopry, complex giructure
of matericl; and othor i‘ctoru;

anigetropy of wochanicsl propovties of reinforced plastics;

deperesce of sirensth of ploastics in a structure on the
effect of Lh. surrowicing mediwm, cheraelier of state of stress,
and other factors.

Therelore, taking in count specisl features of synthetic
naterials, prrisiecible stresses shovdd be determined by Llhe follou-
ing forrmltas

vhere (Gi) ~ permissible stress for propeller blade material at
nominegl regine;

05y = maxiium design etress in material of the siruvcture;

n, - cafetly strength foctor, which depends on the design
(nominzl) rcgime,

Engineer he Yo S3oorov sugrests any of the following regimes as
a design regime for plastic propcllers:
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regime of static loed of Jong duratlon wirtich corresponds to
specificetions for ship oploitution {usually vsed in celeulotions
of statiec c.orergth);

: R ot irvlated by nen-
ty i3eld iu ke prop Tler (h.,k (rinly
Telions for a ginple-shnfo ships);

. ~ [ R B . . -y
resii of shoet durd e overlerTus TOVEreG, aiuivering

In theoo

16 of ihe rrodivs strene in the
psrogelier stracware do ¢t

oo of Ui Lellovisor feriulae:

[T S '/; /' koo,
[N "'u/",.'\',-’~"0...

’

vhere o« usire “'.'h oi’ riostic ma
of oi e
hpdaas

sk = coeliicion
o) verionn

- of proz

i wleo solactied dn

The etro i v
the operatiwncl conditions

the dc:'i{(r' Teo

propeilers

n

s nann.,

.
01 n., o,
or Hy B,

where n o= 2,0 . coelficlent takdng diio account an jncreasc in
p the load on propsller bLlades during reverse;

n, = 1.3 - coefficient taking inte accouvnt ihe load
incrcase Gaing oporetion on the mooring rogime;
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',n S
siihy
vhere h - heipht of the part of ihe stud fitlcd into the hub 73

(oce Fig. €7);

f - coefficient of friction between contacting surfaces
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Cociiicient of friction for studs made of staimlcrs steel end
installed in a steel bub by means of coolirp may be acmumed to be
within the renge of 0,19 = 0.¢) daring axial displaccient (8), (27).

The necessary diametrical tightness (interference), under
condition that stress q is achieved on the contact surfuces, is
calcvlated by the e formnla

s anf ), (10)
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